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PREFACE

Eleven years ago, an AGARD conference was convened in Oporto, Portugal which brought together experts in
linear acceleration effects. Ilmpact injury research and impact protection design have advanced to the point that a
follow -up confcrence was deemed appropriate. In the intervening decade the nced for impact injury protection in
NATO aircraft has increased. largely because many of NATO aircraft are helicopters in which the only method of
emergency escape is a landing of the vehicle under less than ideal conditions. Impact protection is important also
in fixed wing aircraft and land vehicles in thesc accidents in which the living space of the occupants is maintained.

With the above facts for emphasis, the Acrospace Medical Panel initiated plans in 1979 to convene this conference.

The Biodynamics Committce of the Aerospace Medical Panel selected Impact /njury as the title. The committee then
srlected the session organizers to determine the content and scope of the conlerence. Author's were sought who
could best present the progress on impact research and impact protection. The ¢ 2ssion organizers scnt requests

for abstracts to highly qualificd people to insure that enough abstracts were available to permit an optimum selection.

Tihe number of abstracts submitted was gratifying, indeed about twice as many abstracts were submitted as could
be accepted. 1n addition, to the keynote puper, a total of 39 papers were finally accepted.

The conference was held at Porz-Wahn (near Cologne) West Germany on 24-28 April 1982. The host for this
meeting was the Deutsche Forschungs-und Versuchsanstalt fiir Luft-und Raumfahrt e. V. (DFVLR). the German
Aerospace Research Establishment. The meeting facilities were excellent, for which the organizers are indebted to
our host, the DFVLR.

The papers were prescnted in four sessions during the four-day conference. The attendees were provided the
opportunity to ask speakers questions at the end of their presentations. The recordings of these question-answer
dialogues, as well as the opening and closing speeches, have been transcribed, condensed, and edited prior to
publication. Your editor wishes to apologize to those speakers to whom the printed and edited word does not
match the thought the speaker wished to convey to the attendees. Rest assured that all changes made from the oral
to the printed words were intended to clarify the idea and not to change it. In any event, your editor assumes
responsibility for deletions and errors in the transcription process. If grave errors are noted, please contact
AGARD Headquart~rs at the address noted on the cover page and ask for a correction.

Your editor wishes to thank Ms. Je. nnette Hinkle of the U.S. Army Aeromedical Research
Laboratory . Fort Rucker, Alabama, for the transeription and typing of the opening ceremony, question-
answer dialogue. and Round Table Discussions; her devotion to this task made my work far easier. In

additinn. J wish ‘o thank my co-workers of the Programme Organization Committee and the Session Chairman
for their outstanding efforts.
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TECHNICAL EVALUATION REPORT
GENERAL

By and large, this was a data-oriented conferenee. The papers presented on spinal eolumn injury, head
injury, torso injury, restraint systems, ballistic armor, crashworthy vehieles and aceident investigation techni-
ques all provided new data or new idecs on how to prevent or alleviate impact injuries. Whether or not one
agrees with all the ideas prescented is a moot point, because the ideas are now committed to posterity for judgement!

SPINAL COLUMN INJURIES UNDER COMPRESSIVE AND/OR BENDING LOAD

A paper is ineluded on spinal column arthritis (spondylosis deformans) as found in baboons several years
after exposure to +40g, of 13-16 milliseconds duration. Another paper describes a unique inethod of spinal
eolumn instrumentation with aceelerometers mounted on each vertebra, so that, the response to vibratory or
impact input at the buttoeks can be cvaluated.

The effect of high acceleration onset rate (1500-2000 g/sec) for "eyeballs down and forward" (g, combined
with 30% g, vector) on eadavers is addressed in two papers. Although t 1cse tests were eonducted primarily
to evaluate the adequaey of a vertically stroking (load-limiting) seat, the effeet on the seat oceupant is similar
to that of the ejeetion seat oceupant during ejection exeept that the onset rute is about one-third that of the
shock- absorbing scat, and the pulse duration is nearly twiee as great. 1ln a y event, these fully instrumented

crashworthy seat and cadaver tests may provide useful comparative vertebral fracture data for 1ture ejection
seat tests.

Inflatable head-neck "bracing"” devices are discussed in several papers from Furope and America, indicat-
ing the universal reeognition of the¢ spinal eolumn eompressive and bending loading problem.

SPINAL COLUMN INJURIES UNDER TENSILE LOAD

One paper presented data on human whole neck (in situ) static load eapaecity. These tests, on seven speeimens.
revealed basilar skull, eervieal, and several T2 fractures at maximum loads ranging from 1535N up to 3892N.

If a mass of 5 Kg is assumed for the head. these loads range up to 80 g for a severe injury range in the eye-
balls up (-g,) direetion. These tensile fracturc limits may be eompared to the 105-125 g fraeture (fatal)
limits lor rhesus monkeys stated by Dr. Thomas in the round table discussion ior -g, tolerance (converts to
+g, as head rotates forward 90°). In short, this tensile data may be compared to volunteer (-g,) tolerance
values to show the range for the unrestrained head and neck.

LEG INJURY

Orly one paper is presented on this topic. Lower ley injuries are diseussed indirectly with regard to struc-
tural protection in sn automobile in glanee-off aceidents.

1IEAD AND NECK INJURY

No less than 12 papers {one-ihird of tctal papers) are included on head and/or neck injury! Obviously, this
is a well-recognized problem. and obviously it is receiving seme attention. This is not surprising since numerous
aireraft accident statistics reveal the head to be a large injury producer: for example, for U.S. Army flicrs in the
past decade, two of five [atalities were caused by head injury. Several papers diseuss the impaet of unembalmed
eadaver heads with the eirculatory system perfused with a particulate such as india ink. This technique permits
the identifieation. extent and location of hemorrhage in the head/neck circulatory system In the post-impact
autopsy . Since minute hemorrhage is equivalent to some degree of head injury, this method provides an impaet
injury threshold for the particular speeimen under test. Of course, mortality and blologieal age effects must
be considered. One paper uses this data in the development of a finite element head model In which intracranial
pressure and acceleration are compared to input energy at the threshold of hemorrhage of blood vessels.

The data presented in one paper supports the concept that the head ¢.g. acceleration is more important than
any other measurement being ma-e at current helmet testing faecilities. This paper pleads for the use of acceleration

as the best measurement 10 be uxed in the evaluation of impaet helmets, in view of the myriad number of conflicting
time evaluation schemes.

Mechanisms of head iniury are classified from mild concussion to structural damage in two papers. These
papers provide not ouly head injury mechanisms. but also very good research techniques in microtrauma.

A new and unique helmeted - headform test method is discussaed in whick: the heimeted headform is permitted
to truly free fall without use of guiding cables or wires. The method perinits tangential impacts and also
eliminates the frietion associated with all types of guiding devices.

Several papers discussed the neurological effects of monkey head impacts and the techniques used to measure
these effects. The cortical evoked potential values showed changes at a threshold of approximately 600 m/x?

Unfortunately . as noted by Dr. von Gierke in the Round Table Discussion, although much good research has
been done, no agreement was reached on head impact evaluation criteria. Such agreement still awaits the future.
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INJURY DATA COLLECTION

Several papers provided descriptions of accident/injury investigations. One paper described an improved
crash injury identification (eoding) and reporting system as developed for U.S. Army aviation; this system
appears to offer simplicity of presentation with enough detail to elarify injury causes. If the proposed
injury-cause coding system is fully implemented, the cost effectiveness of injury-preventing hardware can be
determined more casily in the future.

INJURY-PREVENTING HARDWARE

The keynote paper by the writer outlined the features and the preliminary indication of erashworthiness in
the U.S. Army's new Uli-60 "Blackhawk" helieopter by comparison to the older UH-1 Helicopter. The data
shows that a pilot actually reccived no back injury. in faet no injury at all, in a erash so severe that the same
kinematies in a Ull-1 would have resulted in a severe back injury or maybe a fatality .

Several papers outlined the development of erashworthy seats, designed to meet stringent new specifications.
Both the U.S. Army and Navy have developed pilot and troop scats to "limit" the loads in the vertieal (z axis) to
approximately 15 g on oecupants. Such crashworthy seats arc currently in produetion, a noteworthy achicvement
in the past deecade!

The effect of too much harness slack and the cffeets of dynamic preload were addressed and revealed the inercase
and decrcasc respeetively of the "dynamie overshoot” in the output loads as would be expected.

Crash-sensing air bags combined with conventional harnesses were shown to be effective. Nevertheless. the pro-

duetion cost of approximately 600 dollars appears to be a deterrant to usage in small, low-cost automobiles.

One paper described the erash test of a French "l'uma™ helicopter. Crashworthy scats with instrumented
dummies demonstrated their performance in tne test.

The use of webbing as an encrgy -absorbing device, via the "tearing” of the material, was diseussed in one
paper. The method appears to be a low-cost and effective "load-limiting" deviee.

VERIFICATION OF SEAT/MAN MODELS
Two papers arc included on this topie, onc from the Netherlands, and one from the United States. The
Netherlands MADYMO Crash Vietim Simulator appears to be a highly versatile model. Simulations as diverse as

pedestrian impact to children’s scats are demonstrated .

The U.S. Ihuman Spine Model (1ISM) is the most detailed model known of the human spine. This model has
been validated up to the level of human volunteer tests. but not into the injury range.

CAN CRASHWORTHINESS BE COST EFFECTIVE?

This questicn is addressed and partially answered in Session IV. The two papers on body armor ecrtainly
reveal the cost effectiveness of simple upper torso protection against exploding ammunition  tn addition | one
paper provides the methods to obtain detailed injury and hardware damage costs associated with helicopter crashes
s0 that cost effectiveness can he estimated based on aceident histories.

CONCLUSIONS

Based on discussions in this proceedings, it is concluded that:

a. Crash injury data col'ection at the scene of aireraft accidents varies from none to fragmented approaches
in most AGARD nations represented.

b. Methods to encourage the use of impact protective harnesses alreacy available in automobites and aireraft
should be intensified.

¢. The tolerance of the seated human spinal column and cord to compressive and transverse load,with a helmeted
head both unrestrained and restrained, should be studied fuether.

¢ The tolerance of the seated torso. with upper and lower torso restraint, to transverse loads should be studied
further. The helmeted head should be unrestrained and compared with the restrained head.

¢. The cost effectiveness of various head restraint methods for use by pilots in ai- craft should be analyzed.

f  Contact head injury mechanisms should be studied further; however. the existing data should be applied
to headgear design and evaluation A large communication gap appears to exist between head injury researchers
and helmet test method researchers .

g. Body . rmor is highly effective, especially against exploding ammunition, and is well worth the modest cost .,




REVIEW OF IMPACT ACCELERATION MEETING IN
OPORTO, PORTUGAL IN JUNE 1971

by

Col. S.C.Knapp
Commander
U.S. Army Aeromedical Research Laboratory
(USAARL)
P.O. Box 577
Fort Rucker, AL 36362

Since Dr. Richard Snyder from the University of Michigan is not able to be here for this "kick off" address,
your session chairman asked that 1 offer a prelude to this symposium by reviewing a very significant meeting
that was held in Oporto, Portugal in 1971. This Oporto meeting was held under the leadership of Dr. Edward J.
Baldes (deceased), who was well known as a physician, physicist, and physiologist of great eredit. Many of
us attended this 1971 meeting. This carlicr meeting is published ns AGARD Conference Proceedings CP88-71.
"Lincar Aceeleretion of Impact Type." History is an important part of the advisory group for aerospuce re-
search and development. 1t's no less important for the aerospaec medieal panel, one of the original panels of
the advisory group. and it is signifieant that the Biodynawmies Subec~mittce was one of the first Bicdynamics
Subcomrmittees formed. and | believe the first two chairman of the committee were Dr. Walten Jones of the United
States and Dr. David Glaister of the United Kingdom. 1In 1961, at Brooks AFB, Texas. the National Researeh
Council of the National Academy of Science in conjunction with the National Acronauties and Space Administration
in the United States held a symposium called. Impuct Acceleration Stress." It is interesting as we review the
history . that at approximate 10 yecar intervals the group assembled here, and the scicnce that you represent,
have seen the neced to review the advancements that have been made in our particular area of bicdynumics,

I've reviewed some of the significant events that occurred in that 1971 meeting and 1 would like to ~elate some
of thein because | think they are very important. We must 'ook back on history and see what we thought were the
problems 1] years ago if we are to gain some sensc of accomplishment for what we will talk about in this meeting
11 years later. We have to usk oursclves, "Have any advanecments been made? Have any problens been solved?
What sre the new problems? And where do we go from here?" Dr. Baldes in his opening comments mmade the follow -
ing statement, "Words fail me when 1 attempt to express the IMPACT on civilization of the mun-wrought epidenic
which our science and technology has created.” Pr. Baldes went on to describe in some detail the problems in
translating Newton's ociginal 3 laws of motion from the Latin into English. and he made nole iiai in aii of the
historical translations. nowhere is there a translation from original Latin into English that uses any term that re-
Iates to the human bedy . 1 think that is interesting because vhe things that you, ladies and gentlemen, will talk
about in this meeting, involve a human body and its relaticnship between these three fundamental human laws of
motion. We will talk about cannonballs in terms of bullets and impact. We will talk about high velocitics. We
will talk about sudden stops. We will tulk about forces placed upon the human body and how the human body
responds to them.

Those of voa that attended the 1971 meeting will remember that at leust six major tepics were covered as shown
in Fig. 1 1. [here was u session on the various sled test devices in use in 1971, There was some discussion of
automotive and aircraft erashworthiness. Improved crash sensor devices were developed which helped to make
nir bags and other crashworthy devices more feasible.

We were at the threshold of the development of the first crashworthy aircraft, specifieally helicopters designed
for purely military use. Some joint agrecnents were consummated for looking at crashworthy engineering as a
way of reducing injury and death, The US Army published a new militury standard for crashworthiness. Crash-
worthy fuel systems were installed in most US Army helicopters and 1 ecan tell you that 1t years later, in US Army
helicopters so equipped,there has not been a fire-related fatality in a survivable type crash, a very sigznificant
advance. Aireraft seats with integral stroking devices was an idea that had not yet been employed in actual air
craft; this is no longer the case. Several helicopter manufucturers now sell this type seating in their comaercial
aircraft and the US military seivices now reguire them.,

The question is how much progress have we made”? Where have we come sinee Oporto 19717 In Oporto.
it was decided that we had come a long way from NRC meeting that was held at Brooks AFB in 1961, [am
interested to see where we are today and | am sure you will give us inxight into the significant advances since
that 1971 meeting. See kg 12
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‘71 MEETING REVIEW

o SLED TEST DEVICES

o AIRCRAFT & AUTO CRASH TESTS

o INJURY MECHANISMS

o CRASHWORTHY HARDWARE DEVELOPMENT

o BIODYNAMIC MODELS

o HEADGEAR DEVELOPMENT

Fig. 1-1 Topics Covered in AGARD Symposium in Oporto, Portugal
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IMPACT PROTECTION ADVANCES
IN THE 78's

o AUTOMOBILES - RESTRAINT, PADDING 8
STRUCTURE

o HELICOPTER - UH-6@ UTILITY & AH-B64
ATTACK DEVELOPED TO CRASHWORTHY
CRITERIA

o TRANSPORT AIRCRAFT - DELETED CAM-TYPE
BELTS, IMPROVED BELT GEOMETRY, &
IMPROVED EMERGENCY EGRESS

o JOINT AGREEMENT BETWEEN U.S., FR, 8GE
TO CO-ORDINATE HELICOPTER CRASHWORTHY
DEVELOPMENT

o MIL-STD 129@ "LIGHT FIXED & ROTARY-
WING AIRCRAFT CRASHWORTHINESS®
PUBL ISHED

o CRASHWORTHY FUEL SYSTEMS INSTALLED
IN U.S. ARMY HELICOPTERS

o AIRCRAFT SEATS WITH INTEGRAL "STROKING"
DEVICES (LCAD-LIMITER> DEVELOPED &
PRODUCED

o ROCKET-POWERED EJECTION SEATS PERFECTED

o FEDERAL AVIATION ADMIN. REQUIRED SHOULDER
HARNESSES IN ALL FIXED WING

o U.S. ARMY LOWERED PASS-FAIL HELMET CRITERIA
FROM 48@8g TO 158g FOR FUTURE DESIGN

o IMPROVED CRASH SENSOR DEVICES DEVELOPED

Fig. 1-2 Impact Injury Prevention Events Since 1971
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IMPACT PROTECTION IN HELICOPTERS
DESIGN SPECIFICATIONS VS PERFORMANCE

J. L. Haley, Jr., Aerospace Engineer
Biodynamies Research Division, USAARL
Fort Rucker, Alabama 36362

INTRODUCTION

In the previous introduetory paper, a summary of erashworthy improvements in air and ground vehicles over
the past decade has been outlined, and sinee this is a eonference to bring together impaet research results rather
than a history of accident injuries, 1 have chosen to provide a very brief deseription of the actua: crash performance
of a specifie US Army helicopter, the UH-60. This aireraft was conecived and developed in the 70's by Sikorsky
Hielicopter under the US Army competitive selection process as a replacement aireraft for the aging UH-1, which
was developed in the 50's.

The UH-60 was dcveloped to the most stringent requirements for crashworthiness of any aireraft yet develeped
of either fixed or rotary wing type. The UH-60 has now been in serviece for enough time so that several severe
aceidents have oceurred. This paper will review the impaet proteetion provided by the UH-60 in these accidents
and compare the proteetion to that of the UH-1 in a similar crash.

Ull-1 D/H AND UH-60A GENERAL DESCRIPTION

The standard 13-place UH-1 and 14-place UH-60 would appear to be of similar size, but the data of Table -3
reveals the Ull-60 to be a larger, heavier. and faster aireraft. The UH-60 has more floor space to accommodate
51 em wide troop scais compared to 43 vm seats in the Ull-1. The larger troop seats faeilitate ingress-egress
in the UH-60.

CRASHWORTHY PERFORMANCE

A total of five UH-60 crashes were selected for this paper. These erashes were selected because a wide
range of severe impact eonditions are covered and personnel injuries did oceur in the erashes. The erashworthy
performanee of these five UH-60's is summarized ir Table I-4 by showing the terrain impaet conditions, aireraft
orientation (attitude). floor acceleration against landing gear/seat stroke, and airerew injuries. The same data
for two Ull-1 aircraft erashes is also ineluded in Table 1-4 as points of reference

Althougrh case one might have been deleted in this eomparison sinee no one survived and the eabin living space
wis destroyed. the writer ehose to retain it beeause the impact eonditions do show an upper limit to the protection
provided by the Ull-60. It was clear that ihe roof was scparaied from the floor due to the combined impact and
hydraulie loads and that survival was doubtful with no protective cage.

A review of the impact eonditions ir. Table 1-4 shows that the horizontal impact velocity was generally low
by comparison to fixed wing aireraft (1). varying from zero up to 17 meters per second, if the nonsurvivable
case is deleted. This is clearly not the ease for vertieal velocity at impact which varies from six to 17 meters
per second, clearly beyond the three meter per second capacity of most aireraft landing gear. The c¢rash path
distanee (distance traversed from terrain contact to rest point) is indicative of the low horizontal velocity at
impact varying up to nine meters. The terrain is very typical of that seen by military aircraft at off-airport crash
sites.

The aircraft attitude at impact varies considerably . but it should be noted that cases 1, 3, and 6 struck the
terrain under uncontrollable conditions. Cases 2, 5, and 6 point out the fact that a pitch up at imp.ect is
desirable for improved survivability. The excessive sink velocity in cases 2 and 5 eaused cexeessive fle -
aceeleration but the load level on the occupants was reduced to tolerable values by the stroking landing ¢ r and
scats of the Ull-60.

The floar acccleration estimates were made for the arca of floor near the seats. Since these values are estimates,
the values shown are equal to or greater than some kpown event(s). For example, in case four, the vertical g
peak is based on the fact that the cneryy -absorbing pilot seat, designed to limit the scat to 14.5 g did not stroke,
indicating that the load did not exceed 15 g on the pilota.

Landing gear energy absorption is indicatea by the displacement (stroke) of the gear und the average force level

applied to the fuselage during the stroke. Note that the Ull-60 provides approximately 14 times more energy absorp
tion than does the Uli-1. This capaeity will hopefully be helpful in preventing expensive airframe damage caused
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by fuselage belly and/or main rotor terrain contaet in high sink speed and roll-over crashes.

The vertical displacement (stroke) of the UH-60 seats is an exeellent indieator of crash performance. If the
seat does not stroke, and the occupant sustains lower spinal eolumn fraetures, it may be hypothesized that the
load-limiting shock-absorbers have provided too much resistance. The current production UH-60 seats are de-
signed to provide a load level of 14.5 g on a 50th pereentile mass occupant. Table 1-4 shows that these scats stroked
to the maximum depth available in case two (0.37 m) and almost the maximum depth in case five (0.34 m and 0. 25 m);
even though injuries were sustained, it is noteworthy that no spinal column fractures occurred*. The absenee of
spinal injuries in cases 2 and 5* provide some assurance that the tolerance of these pilots, even when exposed to
simultaneous forward and sideward loads, can sustain a 14.5 g input acceleration without spinal column fracture.
A US. tri-serviece program is currently underway at Wayne State University with an objective to establish the thres-

hold of injury level for combined vertical and forward loads (see papers by Desjardins sand King in this procecdings).

The item in Table I-4 labeled Protcetive Container provides a gross indication of volume change in the aireraft's

living space due to inward deformetion

It should be noted that a reduction of five pereent, as in case three, was

critical because the ehange occurrcd in the eockpit alone and the inwardly deformed strueture causcd contaet

and/or erushing injuries.

Although the four survivable UH-60 cases do not provide enough injuries with which to make statistically valid
conclusions, some tcntative eomments are appropriate. Overall, it can be seen that four of 16 peoplc aboard the
UH-60 (in cases two through five) were fatalitics; the four fatalities dicd due to contact injuries rather than inertial
aceeleration from the seats. Sinece some of these accidents occurred recently, injury analysis is not yet complete,
but thc absence of spinal column injury in the pilot's seat is noteworthy*. By comparison, it can be seen that
scven of eight occupants in the two UH-1 aeeidents sustained spinal eolumn fraetures even though the impact condi-
tions are less severe. Based on this preliminary data, it is clear that the UH-60 will reduce injuries, espeeially

spinal injuries.

TABLE 1-3

GENERAL CHARACTERISTICS OF UH-1 D/H AND UH-60A HELICOPTERS

Cntcéory ) Ite UH-1 UH-60
WinGiits Dusign Gruss weignt 4300 Kg Y200 kg
Empty Weight 2400 kg 6100 kg
PERFORMANCE Dive Spced (VNE) 124 kn 193 kn
Number Engines 1 2
Number Main Rotor Blades 2 Rigid "Tceter" Type 4 Articulated
Min. Deseent Rate in 595 meters/min 732 meters/min
Autorotarion (100% rpm) (63 knl.A.S.) (80knl.A.8.)
CRASIIWORTIY Turn-Over 4g Vertical

STRUCTURE

Capability

Only

Landing Gear Type

Cross Tubes & Skids

1, 4gx i n2gy simultaneous

Conventional Type, Trailing
Arm, Wheel

Max. Sink Speed at
‘Total Fuselage Collapse

7-9 meters/sec
(estimate)

12.8 meters/sec (design)

Main Transmission
Tie-Down Strength

8g, all axes

20g Vertical, and Forward,
18¢g Sideward

PERSONNEL Pilots 15¢ Vertical, 48¢ Vertical,*
RESTRAINT 15¢ Forward, 3ug Forward,
10g Side 18¢ Sidc
Troop & Gunners 11g Vertieal, 48¢ Vertical ,**
10g Forward. 24g Forward,
10g Side 18y Side
CRASIIWORTIY Nt.aber Tanks & lLoceation 2 Belly Tanks

FUEL SYSTEM

3 Above Belly

2 Above Belly

*ASeat provides 31 em minimum vertical stroke at approx 15g load on oceupant.
**Seat provides 38 em minimum vertieal stroke at approx 15g load on occupant.

*A spinal fraeture did vecur in ecase two, but our initial analysis indicates that the injury was caused by
feilure of the stroking device when struck by a nine cm diameter tree linb which permitted the seat to "free
fall” a distance of approximately three em.
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TABLE I-4

CRASHWORTHINESS PERFORMANCE COMPARISON

| ITEM ACCIDENT UH-60 "BLACKHAWK" UH-1 ]
REF. NO. 1 2 3 4 5 6 7
IMPACT Horiz Vel. 45-60° 3-4 <2 ZERO 14-17 5-8 <2
CONDITIONS (m/s)
Vert. Vel. >158 >17 9-11 6 15 11-12 6-9
Crash Path 2-3 <2 <2 <2 9 3-6 <2
Distance meters meters meters _meters meters meters meters
Terrain Water, Swamp & Sand & Earth Sod & Grassy Grassy
3m deep Trees Trees Trees Sod Sod
JAIRCRAFT Piteh 90° to 135° 15°to 20° 30°-40° 4° 5° 50° 2°
IATTITUDE (degree) Down Up Down  Down Up Up Up
Roll <15° <3° 130°-140° 5° 8° 5° 2°
(degree) Right  Left Left Right Right
Yaw <15° 32 20°-30° 5° 13° 90° Spinning
(degree) Left Right Right Left Right to Right
[FLOOR Horiz. (g) >40 <15 20-30 <3 20-30 10-15 <5
IACCELERA- Rearward
TION Vertieal (g) || >20 Up >50 >10Up <15 50 15-25 15-20
Side (g) >5 >4 >10 <3 10-15 5-10 <5
LDG GEAR Displacement] Unknown 0.7m @ None Unknown 0.7m @ 0.2m € 0.2m @
ISTROKE (meters) 12¢g 12¢ g g
SEAT Vert.Displ. None 0.37 Lt None None 0.34 Lt Zero Zero
ISTROKE (meters) 0.34 Rt ¢.25 Rt
PROTECTIVE | Livi ﬂ b 3P b i
J iving 20% 20% 95% 100% 60% 60% 95%
ICONTAINER Space at rear at rear at rear at rear & at rear
Remaining o front
IPERSONNEL Total 3 4 2 7 3 4 4
INJURY Aboard
Lt Front Fatal Major Fatal Minor Minor® Fatal Mujord
Rt Front Fatal Critical® Fatal Minor Major Major Major
Lt Guyner Not Critieal  Not Major Not Not Not
Used Used Used Used Used
Rt Gunner Not Not Not Minor Critical® Nnt Not
Used Used Used Used Used
Center Fatal Fatal Not Minor Not Not Not
| "Jump’” Used Used Used Used
Troop Not Not Not Two Not Two Two
Used Used Used w/Minor Used w/Mujord w/Mujord

a - These conditions (velocity and attitude) are deemed nonsurvivable.

b - Roof collupse.

¢ - Cockpit roof collapse

¢ - Spinal vertebra fraeture
e  Struck helmet, dazed

I - Rt Elbow crushed. Rt side helmet impact, fibula superior end { x, ankle f x and sternum.
g TI2 fx, cardiac contusion, pulmonary contusions. sternum contusion and eoncussion.

REFERENCES
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CHRONIC EFFECTS OF +G, IMPACT ON THE BABOON SPINE

D. C. Van Sickle, Professor of Anatomy, Purdue University, W. Lafayette, IN 4707
L. E. Kazarian, Biodynamic Effects Branch, AFAMRL, Wright-Patterson AFB, OH 45433

SUMMARY

In 1974, eight male baboons weighing 20 kg. were subjected to subcritical (i.e., mo direct injury
producing) +Gz impact of 40 G for 13-16 msec. and euthanatized in 1979 and 1980. Fram the serial
radiographic and gross pathological data validated by histopathology and histochemistry, the experimental
condition was classified in all 8 animals as spondylosis deformans traumatica. This paper provides a
detailed time lapse anatomical study of degenerative changes very similar to human spondylosis deformans
and answers the question can traumatic spondylosis deformans occur without radiographically detectable
vertebral fracture. The results of this study indicate that in the haboon, radiographic examination on
the day of exposure to excessive imechanical stress will reveal no significant radiographic changes, but
that the subsequent appearance of spondylosis deformans strongly suggests that the pathological changes
are the direct result of trauma.

INTRODUCTION

The role of impact or repeated impaction producimg acute clinical injury as an etiologic factor
initiating or accelerating intervertebral disk deterioration has not heen systematically studied in the
military service. In an attempt to explore a potential relationship of subacute trauma to spordylosis
deformans, this initial study was conducted to demonstrate and identify the developed intensification of
objective radiographic signs following controlled spinal impact in the baboon.

Spondylosis deformans traumatica is a disorder of the spinal colum initially characterized by the
presence of focal or diffuse bony spurs, ledges or shelves developing at the junction of the cortex with
the upper and/or lower marginal ridges of the vertebral hodies adjacent to degenerating disks.

The appraisal of spordylosis deformans remains Aifficult considering that it is an age related
phenomenon whose occurrence is also conditional by such factors as sex and occupation.

The purpose of this paper is to provide time lapse anatomical study of degenerative changes very
similar to human spondylosis deformans and answer the following question: Can traumatic spondylosis
deformans occur without radiographicall detectable spinal damage in the baboon?

MATERIALS AND METHODS

The animals had been purchased fram an authorized dealer, quarantined, tested periodically for TB,
exanined for internal parasites and treated with the appropriate parasiticide whern necessary, and
maintained on a special formulated diet of commercial monkey food. During July and August of 1974, eight
male baboons (Papio anubis) designated E-16, E-18, E-20, E-24, E-26, E-28, E-30, E~34 and weighing 20
kg., were radiographically screened to insure normalcy and that no congenital or acquired anomalies were
present which might be misinterpreted post-impact as induced traums. The Veterinary Sciences Division,
AFAMRL, was responsible for the preceding care as w211 as the radiography.

Prior to impact each animal was radiographed in the anterior-posterior (AP) and lateral positions.
This radiographic data provided bise line data for comparison with post-impact serial radiographs as
suggested by Schmorl and Junghanns (1).

At the time of impact, the animals were tranquilized with ketamine hydrochloride (mng/kqg IM) and
transported to the drcp tower. Each baboon was placed in a seat in a sitting position. The chest was
~estrained by a torso harness (about the nipple line) and a lap belt was used to secure the lower torso.
The legs were secured with ankle belts, the head was nestled between the amms which were acutely flexed
at the elbow, and the wrists were fastened to the top of the chair. The deceleration forces on the free
falling quided impact vehicle with the seat were generated by impacting aluminum honeyconb core material
with sufficient energy to produce up to 60% crushing. The rectangular deceleration-time history was
stipulated by the vehicle drop height as well as the engineering specifications of the honeycomb
material. To assure the desired deceleration-time history was executed, a whole system calibration was
carried out before each experiment. The calibration signal and deceleration-time history were
photographed. The impact time histories were recorded using piezoelectric accelerumeters located beneath
the seat pan and impact vehicle base. The deceleration-time history resulted in an average plateas of 40
G's with a time of duration of 10-13 msec. Each baboon was then removed fram the seat, radiographed,
placed back in the cage and closely monitored until recovery from the tranquilizer.

Serial radiographs were accomplished at 15, 30, 45 and 60 days post-impact and then every six months
until euthanasia.

In 1979, five of the animals were euthanatized and necropsied, and their spines were photographed
and then quickly frozen. In 1980, the remaining three baboons plus a control were radiographed, and
hemograms as well as serum chemistries were done. Tiese animals were euthanized and necropsied, and hard
and soft tissues were processed for histopathology.

RESULTS

Clinically, the baboons did not appear to suffer any post-impact discomfort. Radiographically, the
spinal alterations ranged fraom no apparent damage to a minor subluxation in the thoracolumbar transregion
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(E34, £30, E18, E16)., Within 12 months an increased density within the anterior portion of the annulus
fibrosus was evident in E34, E30 and E18. E34 also had decreased waisting of the anterior surface of L2.
In the lumbar region of E18, the anterior-superior border of the vertebrae appeared indistinct. In many
of the animals, decreased IVD spaces were evident. By 1977, E34 had very evident octeophytes of the
caudal-inferior aspect of L3-L5 while L2 had increased density of the centrum indictative of a healed
pressure fracture. In the spine of E18, the T12-T13 IVD space was wholished, and increased densities
were present in the anterior portion of the annulus fibrosus of T10-L5. In the inferior lumbar IVD
spaces, the ossification of the annulus fibrosus (trabecular patterm visible) was less dense, while in
the inferior thoracic region they were more dense. Li1-L2, L1-T13 and T12-T13 IVD spaces had bridging
osteophyte=. Also in this time frame, the articular facets of the lumbar vertebrae were enlarging as
were those of the Ti1, T12 and T13. By 1979, all the spinal colums of the experimental animals had
varying degrees of pathology, with E24 haviny the least amount of reaction.

Following necropsy the isolated spine was radiographed in the AP and lateral positions using high
contrast film. The following data are examplas:

E-30: Bridging osteophyte - T13-L5, C7-T1

Mineralization of annulus fibrosus, decreased IVD space T5-L5

Increased density of centrum T11-L3

Schmorl's node - T11-T12

Anterior lateral osteophyte - L3-L5 (L2-L3 & 7 '2-T13 bridging)

- E-18: Osteophytes L3-L7, L3-L4 & L1-T13 (bridging) possibly broken. Large bulbous articular
facets in lumbar area.

- E-34: Densities of the anterior portion of the annulus fibrosus throughout the T-region, with
T10-11, T12, T12-13 the most reactive. Loss of IVD space T12-T13 & L1-L2, Osteophytes in the lumbar
region; intense reaction on supe-ior surface of each lumbar vertebrae, initiating in the region behind
the epiphyseal line. Greater osteophytosis on right lateral side of spinal colum than left, which
corresponded to the fractured side of the pelvis resulting in secondary osteocarthrosis of the right
coxofemoral joint.

Grossly, the spines from the thoracolumbar area to the sacrum were represented by hulbous
intervertebral spaces between vertebral bodies with concave contours. Since the lumbar vertebrie are
larger, more inferiorly in the spine, it appeared as if the osteophytic reaction was greater more
inferiorly. However, if one would compare the degree of osteophytosis with the size of the centrum, the
gJreatest reaction was at the thoracolumbar region, decreasing in intensity either superiorly or
inferiorly. A Schmorl's node was observed in the medullary cavity of L1 of several baboons originating
from the T13-L1 IVD space. The miuscle mass of the dorsum of the baboons did mot appear atrophied. The
soft tissues were unremarkable, except for E-18 where the visceral and parietal pleura were adhered fram
T3 to T12, No underlying pulmonary pathology was ohserved,

The histopathology verified the radiographic and gross pathological findings. The thoracolumbar
area of E16 was divided horizontally exposing a white nodule in the medullary cavity of L1. Upon
microscopic examination, a circumscribed nodule of material, apparently a degenerated portion of the
nucleus pulposus had penetrated the end plate and had secondarily became surrounded by bone trabeculae of
varying size. The medullary tissue reaction around the nodule was fihrous, changing to adipose and
merjing with hemopoietic. The portion of the cortical hone ajjacent to the centrum was attached by the
periosteim. The medullary cavity, which the bone chip had covered was filled with adipose hone marrow.
There was a number of enlarged trabeculae extending axially as well as in the superior and inferior ends
of the centrum. The trabeculae were composed of lamellar bone, and some were large enough to contain
osteons. The osteophytes were casposed of cancellous hone and red bone marrow. On one lateral side of
the spine, the osteophytes were mature and briding the annulus, while on the other side there was
vascular invasion of the annulus with no osteophytic formation. 1In general, a large initial osteophyte
appeared to develop inferior to the superior edge of the vertebrae. One large bone section from E-18
contained four IVD spaces and three hodies, One IVD space had collapsed, one was degenerating, and two
were in fair condition. 1In the collapsed IVD space, a remnant of the nucleus pulposus was fourd under
the posterior ligament in the vertebral canal. There was chondroid metaplasia in the center of the
annulus fibrosus with the chondrocytes arranged in chondrones. There was a great amount of ossification
in the anterior portion of the annulus fibrosus where the glycosaminoglycans were either absent or
localized in cystic areas. There was an apparent fracture of the superior edge of the vertehrae which
was repaired by trabeculae of irreqular size and arrangement and surrounded by adipose hone marrow. This
area was enclosed in hematopoietic hbome marrow. The articular cartilage of the facets had an uneven
articular surface. The superficial layer of the articular cartilage was missing in some areas, or was
acellular in others. There were areas of multiple tide marke indicatingy progressive remodelling.

DISCUSSION

Fram the preceding data, it i3 apparent that the spines of the babnons developed a time—dependent
spondylosis accompanied by osteophytosis, hyperostosis and articular facet ostecarthrosis. Epstein (2)
suggests that “spondylosis® refers to a pathological condition arising fram discal degeneration resulting
in osteophytosis and deformities of the discs. He also states that osteophytes are usually asymptomatic
and that large paravertebral ligamentous calcification appear, particularly at the thoracolumbar region
when laborers are engaged in excessive bending and/or strain., Hadley (3, correlated the raliolooy ad
histopathology of articular facets, and Lewin (4) described ostecarthritis of the facets in the lumhar
region of the spine. Recently, the IVD and the two facet joints have heen described as a tripoidal joint
where failure in one will have secondary effects on the other two components (5). In Schmorl and
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Junghanns (1), a number of animal experiments are listed where investigators discussed the relationship
between spondylosis and a signle trauma. Many of these experiments required invasive techniques which
severely compromises the animal response.

Therefore, in view of our serial radiographic, gross pathologic as well as histopathologic results
indicating a decrease IVD space at the thoracnlumbar transregion, the secondary margination of
anterolateral osteophytes, the secondary osteoartnrosis of articular facets and the presence of Schmorl's
nodules in and around the thoracolumbar region, it has been decided to classify this condition -
Spondylosis Deformans Traumatica. This is the first report of this condition being experimentally
produced non-invasively in a sub-human primate. Further study of this model should provide definitive
knowledge relative to the initial observations listed in this paper plus provide a model from which the
initial histochemical and biochemical lesions in the intervertebral disc can be learned.

Operationally, this lends credence to the most common site of injury (T12-L1) by man upon ejection
from aircraft and will provide background to better understand the pathology of injuries suffered by
aircrewmen. It also supports the conclusion that systematic standardized radiographic skeletal overviews
should be accomplished on all aircrewmen recommendad for tlying in high performance aircraft. If a
single traumatic incidence can induce spondylosis in healthy animals, then those aircrewmen who have
congenital or acquired spinal anomalies may weaken the integrity of their entire spine and may be in
jeopardy following exposure to ejection forces. Likewise, those aircrewmen who have ejected should have
their spines monitored more closely than other line personnel. If an aircrewman has ejected more than
once, then it becomes imperative that his or her spire be monitored very closely. As stated in Schmorl
and Junghanns --- "The possible deterioratiun of a generalized spondylosis deformans following trauma can

not be denied."
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DISCUSSION

UNIDENTIFIED QUESTIONER

A question was asked about the location of the spinal eolumn degeneration.
AUTHOR'S REPLY

Well, 1'd say the degeneration of intervertebral dises. 1'm not suve if it's thc annulus or the nuelei,
DR. THOMAS (USA)

1s it possiblc that the loss of this kind is due to thc displacement of the disk into the adjacent vertebral
bodies?

AUTHOR'S REPLY
Yes.
DR. THOMAS (USA)

Do you gct displacement or prolapse of the disk through the annulus-fibrosis laterally or posteriorly
or anteriorly in any of these baboons?

AUTHOR'S REPLY

Well, it looks like it is prolapsing into th.c vertcbral body.
DR. THOMAS (USA)

But you didn't see any prolapse into the spinal canal?
AUTHOR'S RFEPLY

No. We reported one in our preprint where it appeared that the nucleus had come up underneath the poste-
rior ligament,

DR. THOMAS (USA)
But it didn't break through and beconc a free body in the spinal canal?
AUTHOR'S REPLY
No. it didn't appear to. 1t appeared to undergo chondrowd metaplasia in-situ,
DR. UNTERHARNSCHEIDT (USA)
Is it correct that some of the material penetrated the anterior ligament”?
AUTHOR'S REPLY
1 did not see any that penetrated the anterior.
DR. UNTERHARNSCIEIDT (USA)
Didn't some part of it penetrate the inner part of the ligament? | had that impression in some of the photos

AUTHOR'S REPLY

1 did not see any. We're now on phase thiee of this and are seeing some changes

in the annulus.
GEN BURCIARD (GE)

How does the aging process of the baboon compare to Lhumans, and how fast would changes lixe this appear
in humans compared to baboons?

AUTHOR'S REPLY

We are in the process of doing a developmental study on aged spines in the baboon. 1think that's very im-
portant. We have made arrangemcats with the Southeast Research Institute to get their aged baboon spines
and we will have a better answer to that question hopefully in ancther year or two. As to the ch nge rate for
human, that's beyond me. | can only report what 1 see herc.i.e., baboon. We are sceing changes like you saw
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in the helieopter pilots that may mateh tizese very closely. To put myself way out on a limb, 1'll say two or

three years, beeause we used 40g while most of our people reeeive less than 20g when they ¢jeet. So, 1 would
almost double the time, but I think it happens. We are also coneerned that people flying high performanee air-
eraft begin their eareers with exeellent spines. Beecause it's going to happen on normal spines and the individual
has hemovertebra or some other spinal abnormality. 1 think it would be very bad for a pilot to begin training
with an undiagnused spinal abnormality; it would intensify the pathology.

DR. VON GIERKE (USA) COMMENT

We know the baboon ean stand higher aceeleration levels. That was presented at the Oporto meeting where
we showed toleranee eurves of the baboon versus man. 8o the baboon was seleeted to more or less simulate just
below what we eall fracture toleranee in a baboon.

AUTHOR'S REPLY

However, we hope to get a better handle on this point during the developmental anstomv so that we can
stage a better ehronology .

COL KNAPP (U'SA)
Would you postulate the effeet of ehronie whole body vibration on aeeeleration of this process?

AUTHOR'S REPLY

I do not know. | don't have any idea what vibration would do to this. 1 think after we have done the impaet
work it would be very interesting to do the vihration plus impaet work to see if there is an additive offect or even
a synergistie effeet.

COL KNAPP (USA)

Based on your findings, are you prepared to reeommend that all pilot-patients who have sustained a signifi-
cant but subelinical i) spinal fraeture should have yearly, long-term, radiologie follow-up”?

AUTHOR'S REPLY

It is unknown at this time how widespread this problem is in pilots who have substained significant tg,
impaet. Ilowever, our initial research indieates that the primate spine has the potential to reaet to impaet by
eausing spondylosis. By performing an epidemiolngical study on those individuals who have suffered impaet
and by inercased research on the biolsgieal potential of the spine a more definitive answer could be given.

COL KNAPP (USA)

Will the acenmulated X-ray dose justify the early diagnosis of arthritic discasc and follow-up data derived
thereof?

AVTHOR'S RFPLY
The radiation hazard would have to be submitted to radiologieal experts for this evaluation.
GEN ORD (USA)
Coneerning any proposal for annual radiographic examination of the spines of aviators involved with impaet
incidents. there is a highly significant medieolegal problem related to the radiation exposure.
AVTIIOR'S REPLY

Radiation llazards should be determined by radiologieal experts prior to such exposure. M a risk should
be determined . another approaeh should be taken.

BR. LEVINE (USA) COMMENT

! will argue about the value of X-rays. | look at an awful lot of people who have various kinds of baek trauma
in my practice. 1 cannot correlate X-ray findings with pain, | see some terribte looking X-rays and the
patient has no pain. 1 see some X rays that are clean and beautiful and the patient lies there with a ruptured
disk. I question what the X rays mean on follow-up.

COL KNAPP (USA)

I think the issue here goes beyond. It goes to the issue of retaining a pilot who is demonstrating arehiteetural
changes in his load-bearing spine to force environments that may sggravate a clinical/orthopedic problem or
may eause a more serious problem if he is to sustain a second injury problem. So this is both an epidemiologic
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and oceupational problem. sly earlier question was baited because | knew what Dr. Kazarian had recommended .,
but only a few eountries, primarily here in Europe, are doing the X-ray follow-up. 1 am hopeful that this one
thing will come out of this mecting: a elear statement of the importanee of some type of follow-up after a sub-
clinieal fraeture.

UNIDENTHIED QUESTIONER

1 would wonder if we might work up some more clinieal-like flexibility . 1 think if we eould determine how
much the spine eould move or how stiff it is we might have more useful data rather than looking at an X-ray.

AUTHOR'S REPLY

I think you have to recognize that if you're going to have a deereasc in intervertebral disk space you have to
have an inerease in artieular faeet joint arca, which brings about a deerease in total range of motion over a
period of time. And if you have deercased range of motion, you're going to bring abouat a deercase in tolerance
to impaet. So, then, the question is, should an individual be subjeeted to an aceeleration-time history in an area
where you know there's a high range of motion which in turn is saying there is a high risk arca. 1 think that's
what it boils down to. And I don't think we've recognized it as a problem.

DR. VON GIERKE (USA) COMMENT

I would like to add, we receommend .his prim:rily with respeet to ejeetees from aireraft where we have a much
more controlled situation than we have normally in elinical injuries you mighkt sce. So. eertainly the research
results we would get out of sueh follow-up studies would be much better eontroiled than in gencral praetiee.

DR. UNTERIIARNSCHEIDT (USA)

We should not only look at these problems from the orthopedical standpoint but aiso from the neurologieal
standpoint, beeause ecompression of the disk means compression of the posterior roots. Therefore, pain
and perhaps eompression of the anterior roots and atrophies,

DR. TIIOMAS (USA) COMMENT

We have aviators who do ¢ject and sustain vertebral fractures and as far as 1 know if they are healed. that
is basieally symptom free, they return to flight. The general feeling is that they zre a higher risk of turther
baek injuries if they have to eject aguin, but on the other hand they are extremely valuable people because
they cost so mueh money to train. 1 don't think that the line services rexardiess of architectural damage to
an aviator. provided he eould do his joh: I don't think they would consider not nsing him again. becanse of
his value.
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MECHANISMS OF HEAD IMPACT INJURY AND MODIFICASION BY HELMET PROTECTION

Alan M. Nahum, M.D., Professor of Surgery, University of California Medical Center,
San Diego, California 92103 and

Carley Ward, Ph.D., Biodynamics/Engineering, Inc., Pacific Palisades, California
90272

SUMMARY

Head protection provided by helmets or padding nn the impacted cadaver skull
surface was examined. Using unembalmed human cadaver subjects, frontal and lateral
head impacts were conducted. Head acceleration and intracranial pressures were
measured in order to determine the head and brain responses. Brain response was
further analyzed with the aid of a finite element brain model; each impact was
simulated on the computer to determine brain stresses and displacement du: ing the
impact. The degree of protection provided can be quantified by compari- g head
acceleration and brain pressures for esquivalent erergy impacts.

INTROLUCTION

Using both the human cadaver and a mathematical simulation, a series of helmeted
and non~helmeted impacts were conducted.

EXPERIMENTAL METHODOLOGY
FRONTAL IMPACTS

Seated, stationary cadaver subjects were impacted by a rigid mass traveling at a
constant velocity. The blow was delivered to the frontal bone in the mid-saggital
plane in an anterior-posterior direction. The skull was rotated forward so that the
Frankfort anatomical plane was inclined 45 degrees to the horizontal. Various
padding materials were interpoced between the skull and impactor to vary the duration
of the applied load. The input force and the biaxial acceleration-time histories of
the skull were recorded during the impact event. Static fluid pressurization of the
cranial vascular network and cerebral spinal fluid space to in vivo pressure levels
at impact was also performed. Following the impact exposure the brain was perfused
with a 10 per cent formalin and carbon particle solution. Injury to the contents of
the cranium, as evidenced by extravasation of the carbon particles into the brain
tissue, was then assessed by pathelogic examination.

In some experiments a ventriculostomy technique was employed to provide input
and monitoring sites for cerebral spinal fluid simulation. An alternate method of
pressurization by entering the dura over the superior surface of the brain for
addition and removal of saline via No. 8 French catheters was also employed.

In addition to the dynamic measurements of input force and head acceleration, a
serizs of intracranial pressure-time histories were recorded. Endevco model 8510
piezo-resistive pressure transducers (resonant frequency: 180KHz) were used to
monitor the dynamic intracranial pressure during the impact event. A 5 mm diameter
hole was made in the skull and the bone thickness measured. A stainless steel nipple
was inserted a distance equal to the bone thickness and the pressure transducer
threaded into the nipple such that the diaphragm of the transducer was flush with the
inner surface of the skull to prevent bruising of the brain due to protrusion of the
transducer into the cranium. 1In all but one (Experiment 36; occipital pressure #2)
of the pressure transducer placements, the dura was opened at the insertion site to
allow subdural pressure measurement. Transducers were placed in the frontal bone
adjacent to the impact contact area, immediately posterior and superior to the
coronal and squamosal sutures respectively in the parietal bone, and inferior to the
lambdoidal suture in the occipital bone. Additionally, transducers were placed in
the occipital bone at the posterior fossa. A second type of dynamic pressure
measurement was obtained by insertion of a Kulite model MCP-808-9R (resonant
frequency: 150 KHz) catheter tip pressure transducer in the internal carotid artery
at the level of the carotid siphon.

Due to the limited number of tr. sducers available for a given experiment and
the desire to acquire information at rious anatomic sites, pressure measurements
were not duplicated at all locations f¢ each experiment. Certain measurements were
specifically paired to examine questio: - of pressure pulse symmetry and recording
accuracy. Bilateral occipital (Experiments 37, 38) pressures were monitored to gain
information on pulse symmetry. Transducers were also placed adjacent to each other
in the posterior region (Experiments 46-52) and occipital (Experiment 36) to
determine if the measurement technique would yield similar results in essentially the
same anatomical area oif the skull.

SIDE IMPACTS

In this series impacts were conducted on the lateral aspect of unembalmed
cadaver heads. The cadaver specimen was seated in an upright peosition. The
Frankfort plane was maintained in a horizontal position by resting the mandible on a
styrcfoam support block prior to impact. The skull was impacted laterally in the
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area of the parietal bone by a 12.38 kg pneumatically actuvated piston. The impactor
surface was a circular disc, 12.5 cm in diameter. Paired tests were ccnducted in
protected and unprotected modes. Impactor terminal velocity was measured by a
magnetic probe. Intracranial pressure was requlated by both intravascular and
intracranial (subdural) catheters connected to saline reservoirs. Just prior to
impact the intravascular pressure was adjusted to approximately 100 mm Hg via a
catheter inserted in the <ommon carotid artery. Intracranial pressure was monitored
by a water manometer and was adjusted to 0 mm Hg prior to impact.

As in the frontal impacts, intracranial pressure was measured dynamically at the
time of head impact by piezo resistive pressure transducers (Endevco model 8510,
resonant frequency 180 KHz) which were inserted into the subdural space at designated
locations. Head acceleration was measured by nine Endevco piezo resistive
accelerometers (model 2264-2000; resonant frequency: 27 KHz) mounted on an Endevco
triaxial bracket (model 21419).

In the unprotected tests the impactor surface was covered by a composite of two
padding materials: 1.5 cm Ensolite and 1.5 cm open cell polystyrene. In the
protected tests, the head was fitted with a Bell model R-T helmet [Helmets supplied
courtesy of Bell Helmets, Inc.)] This helmet utilizes an expanded polystyrene bead
liner material.

The accelerometer bracket was rigidly attached to the head opposite the side of
impact by drilling a clearance hole through the skull and securing the apex of the
bracket by means of an expanding collet at the end of a threaded shaft. Two of the
three accelerometer mount legs were also attached to the skull using threaded studs
which terminated in drilled and tapped holes. Dental acrylic applied at each of the
three attachment points acted to distribute the transmitted loads to a larger surface
area of the skull. A portion of the helmet shell opposite the side of impact was
removed to accomodate the accelerometer mount. Following the experiment the head was
affixed in a measuring jig to establish the coordinate of the accelerometer bracket
legs relative to the origin of the anatomic coordinate system. These components of
linear and rotational acceleration at the point of attachment of the mounting bracket
were calculated from the nine accelerometer array output using the analysis reported
by Padgaonkar et al. [1] A coordinate transformation was then implemented to
represent these data at the origin of the anatomic axes. The sign convention
followed for the anatomic axes was positive x, y and z directions being posterior-
anterior, laterally right to left, and irferior-superior respectively. All
acceleration data discussed subsequently represents values at the origin of the
anatomic axes.

HEAD ACCELERATION

Acceleration traces differ in shape, magnitude and duration for the helmeted and
non-helmeted impacts. The short duration, spike-shaped trace shown in Figure 1 1s
typical of the resultant head accelerations for the unprotected head. Pulse duration
is increased with thicker padding. The longer, rounded trace shown in Figure 2 is
characteristic of a helmeted impact, where the helmet liner dissipates impact energy.
In some impacts an oscillation occurs at the top of the trace (near the peak value).
This is caused by the helmet moving with respect to the head, shifting position on
the head.

In the frontal impacts, the resultant head acceleration vector lies in the
midsaggital plane, the acceleration components being in the antero-posterior and
superjor-inferior directions. In the side impacts the head is accelerated in all
three directions. Thus the resuitant head acceleration vector does not remain in a
plane, but changes direction as the head translates and rotates. The largest
acceleration component is in the impact direction.

INTRACRANIAL PRESSURE

The maximum positive pressures occur near the impact site regardless of the
impact direction. Maximum pressure and head acceleration traces are similar in shape
and duration. In the unprotected head, the brain experiences a sharp spike-ghaped
pregsure pulse. In the helmeted head, the brzin pressures are lower and last longer.
(For a discussion cf these pressure differences refer to the brain response analysis
section of this paper.) In reqgions surrounding the impact site, the magnitude of the
pressucre decreases as the distance from the impact site increases. Opposite the
impact, the initial dynamic pressures are negative when measured relative to the
atmosphere. Tensicn stresses develop in the tissuve. The internal folds of dura
influence the pressure response. Closely spaced transducers cn opposite sides of the
membranes recorded different pressures. The most significant difference was between
the right and left side of the falx cerebri in the leteral ‘mpact series. Pressures
are also affected by the foramen magnum; pressuras near :his opening and in the
posterior fossa were low.

FRONTAL IMPACT SERIES

Important variables for the frontal series are recoré~d in Table 1 and compared
graphically in Figures 3-9. 1In these plots kinetjic enerqgy refers to the follewing
product: 1/2 x impactor mass x impactor velocity“. Skull fracture cases were not
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included.

(1) Peak Head Acceleration vs. Kinetic Energy

The comparison of impact enerqgy and head acceleration in Figure 3 demonstrates
the protection provided by the helmet. Head accelerations are low in the helmeted
impacts even at high energies. The Lelmet effectively dissipates the impact energy.
Non-helmeted impacts dissipate equivalent enerqgy when a thick padding, 5.08 cm of
polystyrene, is used on the impactor. This is shown by the overlapping of helmeted
and non-helmet data points. In the high energy range, unpadded or minimally padded
impacts could not be performed for comparison, because the skull would have
fractured. Data scatter in Figure 3 is related to differences in impact interfaces.

(2) The U.S. Federal Head Injury Criterion (HIC) and the Gadd Severity Index (GSI)
vs. Kinetic Energy

The relationships between these impact severity measures and the impact energy
are shown in Figures 4 and 5. In calculating the GSI and HIC the acceleration is
integrated with respect to time. The longer helmeted acceleration traces result in
higher severity values, and the advantage afforded by the helmet is less apparent.
The helmeted data points are still clustered on the low side, however. As in Fiqure
3, the non-helmeted data points for & thickly padded impactor overlap helmeted data.

(3) Peak Frontal Pressure vs. Kinetic Energy

The relaticnship between maximum intracranial pressures and impact energy are
shown in Fiqure 6. Frontal pressures in these helmeted frontal impacts could not be
measured because the helmet would destroy the transducer. The pressures in Figure 6
were obtained from the finite element model. Since the model accurately predicted
the pressures at other locations in the impact, these frontal values are considered
reliable. The results show that pressures are low in the helmeted head.

In Fiqure 6, horizontal lines representing moderate and severe injury levels
were drawn. These pressure levels were obtained from an analysis of brain injuries
in frontal and occipital impacts [2). The study showed that when peak pressures were
above 1758 Hg-mm (34 psi) the brain could be seriously i ,ured. Between 1293 (25
psi) and 1758 Hg-mm (34 psi) moderate brain injuries occurred, and below 1293 Hg mm
(25 psi) the injuries were only minor. Comparing the helmeted results to these
injury levels shows that the helret prevented severe injury.

(4) Peak Frontal Pressure vs., Head Acceleration

A linear relationship between head acceleration and peak pressure is shown in
Fiqure 7. Pressure increases as acceleration increases, and the data can be
approximated with a regression line. As in Figure 6 the peak pressures were obtained
from the finite element model simulation. But even without these points, the linear
trend is apparent. Some scatter is attributed to differences in head size and impact
locations.

(5) The Federal Head Injury Criterion (HIC) and Gadd Severity Index (GSI) vs.
Peak Head Acceleration

The relationships between these severity measures and peak head acceleration is
shown in Fiqures 8 and 9. Since the HIC and GSI are exponential functions of head
acceleration the data exhibits an exponential trend.

SIDE (LATERAL) IMPACT SERIES

Results from the side impact experiments are listed in Table 2, and
relationships between the measured quantities are graphed in Figures 10-16. 1In all
of the non-helmeted tests a thick layer of padding was used ¢n the impactor, the
thinnest layer being 3 cm thick. Although the range of interface conditions is not
as extensive as in the frontal impacts, the same trends in the data are observed.

(1) Peak Head Acceleration and Kinetic Energy

Fiqgqure 10 shows that accelerations of the helmeted heads are low. The peak
accelerations are only about half those of the non-helmeted heads in the high energy
impacts. Some of this diiference could be attributed to the mass of the helmet, but
not reductions of this magnitude. The weight of the helmet is only 1000 gms.

(2) Maximum Angular Acceleration About the Y-Axis vs. Impactor Kinetic Energy

The helmet also reduces the angular acceleration as shown in Figure 11. For the
same impact energies, helmeted head rotational accelerations are lower. As in Figure
10, differences between helmeted and non-helmeted impacts incrrase at higher energy
impacts.

(3) HIC and GSI vs. Impactor Kinetic Energy

Relationships between the head injury criterion and impact energy are shown in
Figure 12 A & B.. As in the frontal impacts (Figure 4) the helmeted HIC values tend
to be below the non-helmeted values. Because the HIC and GSI are integrated
functions, the differences between the helmeted and non-helmeted data points are not
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as great as in the acceleration peak, Fiqure 10.
(4) Peak Frontal Pressure vs. Impact Kinetic Energy

Intracranial pressure is related to impact enerqgy in Figure 13. These measured
frontal pressures, on the struck side of th head, approximate the maximum positive
pressure at the impact site. For the same impact energy, pressures are lower in the
helmeted head. Since injury is related to pressure magnitude, reducing the pressure
reduces the occurrence and severity of brain injuries.

(5) Peak Frontal Pressure vs. Peak Head Acceleration

The relationship between pressure and acceleration tends to be linegar for bhoth
helmeted and non-helmeted cases, as shown in Figure 14. This linearity is similar to
that shown by the frontal impact data (Fiqure 7), but in this comparis.a the helmeted
pressures were measured. One important observation is that for the same head
acceleration, pressures in the laterally struck head are lower, approximately one-
half the magnitude obtained in the frontal series. This is due to the falx cerebri.
This membrane divides the upper brain into two compartments reducing the pressure
responses in the lateral direction. The lengths of the individual sections of brain
accelerated are one-half the brain width.

(6) The HIC and GSI vs. Peak Head Acceleration

These impact severity measures are related to head acceleration in Fiqures 15
and 16. The trend is similar to the frontal impact series, Figures 8 and 9. Again
the relationship appears to be exponential which would be consistent with the HIC and
GSI derivation. GSI values are higher than HIC values for the same impacts,
especially at higher accelerations. This is due to the maximization procedure, which
limits the portion of the acceleration trace used in the HIC caliculation.

BRAIN RESPONSE ANALYSIS
FINITE ELEMENT BRAIN MODEL

Stresses and displacements throughout the brain were calcrlated in computer
simulations. An analysis procedure known as the finite element method was employed.
Using this technique the structure or substance to be analyzed is mathematically
aiviaea into small pieces or elements. Equations for each element are generatea in
the computer and then combined to form the matrix system equation of motion. 1In this
study the brain and contained fluids are divided into six sided, eight corner (node)
brick elements. The assembled elements approximate the irregqular shape of the brain
where the edges of the elements form a grid of intersecting lines. Reter to Figure
17. Four node membrane elements are assembled to simulate the internal folds of
dura, the falx and the tentorium. In all elements the mass is considered
concentrated at the element corners or nodes.

The internal shape of the skull is simulated to form a container for the brain.
An opening representing the foramen magnum is modeled and allows movement of the
cervical cord into and out of the cranial cavity. 1In these test simulations the
container or skull is mathematically moved in space as the head moved in the impact.

MATERIAL PROPERTIES

Material constants for the composite intracranial material - brain, vasculature
and contained fluids, were obtained from a parametric study in which measured and
computed intracranial pressures were compared. Properties which provided good
correlation were selected. Although the selection was based on a series of thirteen
tests (tests 36-38, 41-44, 46-50 and 54) subsequent simulations have dsmonstrated
good correlation using these properties. A Young's modulus of 5 x 10° mm-Hg has
provided good results for all tests.

Compressibility of the material was shown to be strain or loading rate
dependent. At higher rates of onset, the intracranial material becomes less
compressible. This is thought to be a function of flow into and out of the cranial
cavity; at a slow rate of onset, the pressure-relieving flow has a greater influence
on response. In the brain material elements, the compressibility, as defined by
Poisson's ratio, is varied between the values 0.48 and 0.499. Value selection is
based on the head acceleration rise time, rise time being inversely proportional to
rate of onset for equivalent head accelerations. A non-linear approach which would
antomatically select a value based on instantaneous element strain rate is being
considered, but unfortunately it would increase the cost of solution by a factor of
five.

Whether manually or automatically selected, these higher values of Poisson's
ratio require a special eiement. Ordinarily, finite element equations become
unstable as the material idealization approaches incompressibility (Poisson's ratio
approaching 0.5). To avoid thie instability, a split energy eiement was developed,
verified, and implemented. This element is stable for all values of Poisscn's ratio
and can more accurately predict response,

SOLUTION PROCEDURE

The equatiors are generated in terms of a skull fixed axis. Head motion is
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imposed by mathematically translating and rotating the axis frame as the head
translates and rotates in the impact experiment. Using this procedure the nonlinear
terms due to large rotation and displacements of the head are eliminated. Measured
head rotations and displacement are incorporated as known forces on the right side of
the system equation of motion. Since displacements of the brain relative to the
skull are small, and the events are of short duration (less than 10 msec) the
response can be approximated with a linear relatiorship.

The resulting system equation of motion is solved using direct integration. A
general purpose finite element program named EASE 2 is used. EASE 2 was especially
modified for the brain model calculations and is available internationally through
the Control Data Corporation Cybernet system.

BRAIN MODEL RESULTS

The model-predicted brain response is shown for a helmeted and unhelmeted
impact, Fiqures 18 and 19. 1In these two frontal impacts, the pressure or stress
responses show that the brain tends to lag the skull. Brain tissue compresses
against the skull near the impact site, and is in tension opposite the impact. The
result is a pressure gradient. When the head translates along all three axes, as in
the lateral impacts, three superimposed pressure gradients develop. Each gradient is
proportional to the acceleration along its axis.

The brain also lags the skull in rotation, producing shear stresses and strains
along the brain skull interface. 1In both head rotation and translation, the falx and
tentorium help position the brain. In effect, they partition the intracranial
cavity. Instead of a single rotational displacement of the brain as hypothesized by
Holbourn [2], separate rotational motions develop in each compartment. These
rotations in the cerebrum and cerebellum produce a complex interaction with the
brainstem, the interconnecting brain structure.

Brain displacements are small, a few millimeters in most cases. Though the
displacements depend on the event, in genzral, they are largest in the brain stem and
cerebral cortex. When a superior-inferior component of motion is present,
displacements of the cervical cord influence the brain response. 1In these impacts
the brainstem may be stretched or compressed.

BRAIN RESPONSE AND INJURY

The injuries observed in this test series can be related to the brain motion.
Contusions develop in the high pressure regions near the impact. Focal injuries
develop opposite the impact where brain tension stresses are high. Subarachnoid and
subpial hemorrhage occur in high shear strain regions and where tension stresses
develop on the brain surface. Petechial hemorrhages were observed in the high shear
strain regions of the brain stem.

Using the maximum intracranial pressure (hydrostatic stress) values as a
quantitative measure of the brain responses, a relationship between injury severity
and brain response was formulated for frontal impacts. Compression stresses of 1758
mm-Hg (34 psi) are associated with serious brain trauma., This compressive stress can
produce brain contusions near the imrpact site. Responses of this magnitude are also
associated with hemorrhages in the brain stem and in the material surrounding the
brain. If the brain stresses are between 1293 mm-Hg (25 psi) and 1758 mm-Hg (34 psi)
the injuries, if they occur, are moderate. Below 1293 mm-kg, the injuries are no
more than minor.

CONCLUSIONS

l. Unembalmed pressurized cadaver subjects were successfully used in an
investigation of head protection measures and brain response.

2, Padding on the impacted surface and helmets significantly reduce the head
acceleration and intracranial pressures in a head impact. Higher energy impacts can
be tolerated without injury. The degree of protection can be assessed by comparing
the head acceleration and/or the peak intracranial pressure for equivalent energy
impacts.

3. The relationship between intracranial pressure and head acceleration tends
to be linear. The Gadd Severity Index and Head Injury Criterion are exponential
functions of head acceleration and therefore tend to be exponentiaily related to the
peak head acceleration and intracranial pressure.

4. The finite element model can accurately predict intracranial pressure
(stress) for both lateral and finite impacts. To obtain qood correlation the model
must approximate the size and shape of the brain, simulate the partitioning internal
folds of dura, have an opening for the foramen magnum, and provide some effective
compressibility.

5. The experimental and model results show that the brain tends to lag the
skull producing pressure gradients. 1In the side impact where the head accelerates
alony all three axis, the pressure gradients are superimposed. The magnitude of each
gradient is proportional to the magnitude of the acceleration along its axis. The
largest component in both the lateral and frontal tests is in the direction of
impact.

6. In frontal impacts, a relationship exists between brain resporse as
defined by the peak intracranial pressure, and injury. Severe injur:es only occur
when the pressures or stresses exceed 1758 mm-Hg. Moderate injuries occur between
1758 and 1293 mm-Hg. Below 1293 mm-Hg the injuries, if they occur, are only mincr.
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ﬁ TABLE 1.
FRONTAL IMPACTS
EXPT. SPECIMEN CONDITIGN KINETIC PEAK HEAD HIC GADD FRONTAL
SPEC#/SEX (INTERFACE) ENERGY ACCELERATION PRESSURE
(cm) (Joules) 3 (mm-Hg)
iMSec? x 10%)
15 78M Isomode 105 1.91 627 787 -
1.4
17 T9M Isomode 142 3.21 1507 1882 -
.7
18 81M Rubber 247 2.13 366 432 =
.2
19 82F Isomode 132 2,32 845 1131 -
1.4
26 85M Isomode 57 1.20 251 313 -
1.4
27 86M Ensolite 37 .43 31 45 -
2.54
28 89F Isomode 102 2.70 1316 1544 -
1.4
29 91M Rubber 34 2.90 657 847 =
.2
31 94M Isomode 137 1.73 624 750 -
2.1
) 32 9SF Isomode 138 2.76 1443 1691 -
1.4
36 101F Isomode 205 2.30 923 1068 i022
1.4
7 1n8R Isomode 276 2.00 744 861 1059
2.1
38 109F Isomode 245 2.42 980 1153 1041
1.4
41 111F Polystyrene 1900 3.90 3765 4756 3207
5.08
2 112F Folystyrene 438 1.59 703 842 -
p 5.08
43 115F Polystyrene 438 2.23 804 1008 2031
5.08
4“ 117F Polystyrene S0 1.52 551 675 764
5.08
46 120M Polystyrene 51 .31 32 36 174
5.08
47 120M Ensolite 51 .29 21 24 194
2.54
48 120M Isomode 46 1.28 297 342 929
1.3
49 120M Rubber 182 3.42 1008 1153 1969
.2
50 120M Polystyrene 182 1.42 539 675 1175
5.08
1
S4 122m Polystyrene 184 2.34 820 1061 2059
5.08
i 55 ¢ 132F Helmeted + 149 1.65 s63 669 2 i
| Isomode
57
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: FXPT. SPECIMEN CONDITION KINETIC PEAK HEAD HIC GADD FRONTAL
SPEC#/SEX (INTERFACE) ENERGY ACCELERATION PRESSURE
(cm) (Joules) (mm-Hg)

(MSec? x 103)

56 * 132D Helmeted + 281 1.13 221 252 -
Isomode
.7

57 * 132F Helmeted + 427 1.43 367 421 =
Isomode
7

58 * 132F Helmeted + 303 1.19 298 351 -
Isomode
.7

59 * 132F Helmeted + 406 1.51 546 641 =
Isomode
.7

60 * 132F Helmeted + 741 1.67 1010 1092 -
Isomode
.7

63 * 132F Helmeted + 733 1.98 1000 1087 -
Isomode
.7

64 139M Helmeted + 719 2.67 2685 2820 1548*%*
Isomode

65 140M Helmeted + 532 1.97 1542 1627 1113#%%
p Isomode
7

56 141M Helmeted 4 250 1.26 462 544 707%%
Isomode
.7

67 142F Helmeted + 388 1.96 1581 1585 1126%*
Isomode

68 144F Helmeted + 458 1.43 807 857 T75%%
Isomode
.7

p * Indicatles Embalmed Specimen **From Finite Model
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TABLE 2.
SIDE IMPACTS
EXPT. SPECIMEN CONDITION KINETIC PEAK HEAD HIC GADD PEAK
SPEC#/SEX (INTERFACE) ENERGY ACCELERATION FRONTAL
(cm (Joules) 2 PuiSSURE
(M/sec? x 10%) {mm~Hg)
TO0W 147M Ensolite 89 1.29 = 1308 -
(3)
71W 147M Ensolite 119 2.08 1796 2085 -
(3)
720 147M Polystyrene 119 3.28 3613 4566 S
(3.1}
73W 147M Polystyrene 89 2.62 2179 2624 =
(3.1)
74W 150F Ensolite 135 1.2° 456 553 454
(3)
T6W 152F Ensolite 165 4.43 2625 3452 1800
(3)
TIW 153F Polystyrene 195 11.66 = = =
(3.1)
78w 154F Polystyrene 215 5.4 - - -
(3.1}
84w 158F Polystyrene 225 1.47 411 488 -
+ Ensolite
(4.1)
85wW 158" Relmeted 159 1.25 564 711 342
87w 158F Polystyrene 159 2.33 923 1152 815
+ Ensolite
(4.1)
88w 158F Polystyrene 399 7.69 5337 7342 1276
+ Ensolite
(4.1)
89w 158F Helmeted 323 1.71 810 945 552
9ow 158F Helmeted 440 2,83 1690 2001 662
91w 158F Helmeted 476 3.08 2022 2517 863
92w 158F Polystyrene 425 5.44 3234 5620 957
+ Ensolite
(4.1)
93w 158F Polystyrene 533 6.89 2584 5142 1432
+ Ensolite
(4.1)
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DISCUSSION
DR. SHANAHAN (USA)

You are really eomparing in these tests, the effeet of the helmet shell in that you are using a padded im-
paetor for your unprotected samples and a helmet with built-in padding for the other. 1 was wondering if
you have eonsidercd using this partieular sct-up to compare the effeet of different types of materials for helmet
shells.

AUTHOR'S REPLY

Yes, 1 think it's very appropriate to use it for different helmet shells. We have done different types of
helmets; however, this data was only from the polystyrene. 1 think in addition to the helmet though we have a
different contact area when the head hits a flat surfaee, it's a ruther finite area with a helmeted liner, the more
the head deforms into that liner, the more eontaet area you're getting, and so 1 think that's also ineluded in
the proteetion that was provided by the helmet.

UNIDENTIFIED QUESTIONER

If 1 understand one of your eurves eorreetly , you showed the HIC and the GADD indiees for frontal impaet
as being higher than for unproteeted head. Did 1 read those curves eorrectly? I did notiee that the HIC and
the GADD indiees seemed to be higher and you explained that beeause they were exponentials.

AUTHOR'S REPLY

1 showed two eomparisons with them, whether it was relative to the energy of the impactor, or relative to
the head aceeleration. 1 think if it was tlic exponential, it was eomparing it to the head aceeleration.

UNIDENTIFIED QUISTIONER

Yes, beeause it seemed to imply that with the helmetcd impact with a longer time duration, you would get
a higher HIC or GADD index number than you would with the unhelmeted head. What does that imply?
Would you expeet a liigher index number beeause of the time duration?

AUTHOR'S REPLY

No. You would expeet a higher HIC in unhelmeted impaet of the same energy. but the differenee is not as
signifieant as if you were just comparing head aeeelerations beeause of the integration that tends to inerease
the I1IC in the helmeted ease. But time is not as significant as the peak g value.

UNIDENTIFIFD QUISTIONER

The automotive industry looks at a l11IC of more than 1000 as injurious, and eertainly signifieant, and if | were
to wear a helmet and the helmet gave me a HIC nore than 1000. it would be unacceptable. That's what | am
asking. If i were wearing a helmet in an automobile, the HIC that I would expeet would be higher than if 1
were not wearing a helmet in an automobile witn the same impaet.

AUTHOR'S REPLY

I think there is a risk in using the 111C on a helmeted head ease beeause of this problem. You can stay below
the injury level and still have a high HIC.

DR. TIIOMAS (U'SA)

The original Awerican Nationai Standards ANSI (4290) standards tor helmet proteetion were based on lincar
acecleration awcasureaents and the duration of that linear aceeleration. That standard has existed for years and
is based upon experimental work eondueted at Wayne State University in the 40s and 50s era. The HIC is a
creation of a burcaueracy. As far as 1 know ., tliere is no experimental information to determine that the 1IC dis-
criminates between injury and noninjury better than linear acceleration.  The data that you present liere
indieates that peak linear acecleration is a muelh better diseriminator. Therefore, why use the 111C at all”?

AUTIIOR'S REPLY

Well, I'm not a member of the bureaueraey that created the HIC and 1 probably would use linear acceleration
ar a eritevia.

ONIDENTIEIL D QUESTICNER

Ms. Ward, can you say something about the test eenter and how you did the impaets?

o ¥
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AUTHOR'S REPLY

The subjeet is seated in front of an impactor and the impactor is traveling at constant velocity when it impacts
the hcad., We usc different padding material on the impactor and different weights of impactor to obtain different
cnergy levels. The accelerations were recorded during the impact.

UNIDENTIFIED QUESTIONER
With ccerebral injuries, arc you sura thiere are no artifacts with your methods?
AUTHOR'S REPLY

Well, we did run controls and found that therc were no injuries in the controls, but yo. Zon't ulways injure
the brain. Some brains seem to be able to tolerate u great deal more than others, so that not every brain is
injured at the injury level shown in our paper.

UNIDENTIFIFD QUESTIONER
What level of errors would you cxpeet in measuring dynamic pressures in the brain?
AUTIIOR'S REPLY

We did do tests about four years ago,not in the skull, but in water on transducers,comparing them to others
at impact. 1 don't think that sur technicians found any major problems. I know that a number of other people
are using the same pressure transducers. the University of Michigan uses them. and they haven't found any
crrors of significance. 1 might expeet inaybe 10% at most.

bR . VON GIERKE 7USA)

I basically disagrce when you say you have mood correlation between pressure and head injury. | don't think
the pressures produce any ‘njury. It's a pressure gradient which would produce the injury: therefore 1 think
you have the same injury mechanism in front and back. This comment might not be so important for your specifie
restits and comparisons for this impactor for this weight and this helmet, but basically you have a pre- sure wave
as you showed it on the last slide. The one with the higher peak has a higher pressure gradient and a pressure
gradient eauses the injury. I you compressed the whete brain uniformly, you would have no injury .

AUTHOR'S REFLY

Well, I'm surc if you applied the pressure very slowly and didn't let the brain move as it was being compresscd,
you probably wouldn't injure the brain. Perhaps our statement is too simple. What we're ssying is you can get
a dynamic stress that's high in a speeifie arca and when you look at the brain vou sce an injury in that area.
Whether it's the high pressure or the gradient in that pressure, 1 wouldn't say ., hut that's what we observed.

DR. VON GIERKE (USA)

But you agree it is a pressure wave traveling through the skull and if you assume compression of the brain
tissue, it is not really the compressibility . That is a mathematical compressihility you introduced because yonr
theory docs not take care of the deformation of the skultl and the accompanying shear in the brain tissue. The
damage can only come from pressure gradients.

AUTHHOR'S REPLY

No. 1 think that's where the misunderstunding is. We're not dealing primarily with the pressure wave trans
mitted through the brain M we hit the skull on this »ide ., the skull comes up against the brain and pushes it
along and develops high coatact pressure. hna way it’s like an inertia of the brain., The bigger the brain is,
the harder it pushes on the skull, and that's apparent in the side impuacts.

PR. VON GIFRKE (USA)

{t is important when you go to blunt impacts where your time duration is longer; therefore, your wave has a
longer time, and you have a differert situation. 1 don't think the pressure criteria at all lovels can be trunsmitted,
and applied to completely different types of impacts to the skull.

AUTIIOR'S REPLY

) We used the pressure eriteria (pressure values) as a measure of brain response. H the brain moves a lot, it
has high pressures on one side. and low pressures on the other. $o. it's a measure of what's going on inside
the head. Some injuries don't occur at the high pressure regions like in the brain stem, and we know it is shear
i strain in response to what's gouing ot and response to how the brain is moving. The more the brain moves the
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more the shear strain and the higher the pressure. So, in a sense we're using pressures as a measuv. of brain
response. We are not saying that beeause it's under a lot of pressure, it fails. It does fail under high pressure
but 1 won't say that it's beeause it's a eonstant pressure. it's a echanging pressure.

DR. VON GIERKE (USA)
Thank you very mueh.
UNIDENTIFILD QUESTIONI-R

Please discuss the analysis of the pressure eurve on the eontreeoup side of the brain where you had a deercase
in pressure and a plateau effeet within a large positive spike. What do you suppose causes the spike?

AUTHOR'S REPLY

Well. its been a mystery and now we have seen the same thing happen in the University of Michigan Highway
Safety Resecareh Institute monkey data. | thought it might be some kind of artifaet, but now we've also seen it in
the monkey data and it seems to me that the tissue fails. It oecurs around one atmosphere negative pressure. It

may be cavitating, it may just be separating. it may be gases expanding, but then it ends when the load is off,
and then fails.

UNIDENTIFIID QUEFSTIONER
Non transcribable sentenee; however. question is asked about rebound.

AUTHOR'S REPLY

In the model, of eourse, it doesn't have a failure meehanism and it would rebound before that failure. I'm
sorry I don't have something to draw on, but the model would respond faster. The only way I can make the
model respond that slowly is if I let it fail, let part of the model releasc as a failure; [ eould then permit it to

be a failure mode. In the human data, we've scen subchoroidal hemorrhage in all of those eases that demonstrated
that fa‘lure mechanism.

UNIDENTIFIED QUESTIONER

You have some problems with vibrations in your accelerometers. 1 secem to recall that there was diseussion
in the literature that the ninc accelerometers scheme might also be unstable. 1 haven't the faintest idea as to
what extent these drift phenomenon are applicable to *: ur tests. Could you comment on that please?

AUTHOR'S REPLY

To my knowledge it's the six aecelerometer scheme that could be unstable and the nine are stable. When
you mount these aeeelerometers very close together, and substraet one from the other, you eould be reading
"noise" in the system. If you could mount the acceicrometers far apart, having three here, and three there, like
the University of Michigan does. you eliminate thut problem. 1 have never had that problem in using the University
of Mizhigan data. The problem oecurs when you mount them close together on a mechanism and then mount the
mechanism at one point in the skull so that the mechanism ean rotate and then you are just getting a lot of errors.
So the best thing we could do beeause we were forced to under contract was to tie it down and wrap it with acrylie.
In summary, | don't think that the system was unstable.

TR P




DYNAMIC FRONTO-OCCIPITAL HEAD LOADING
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ABSTRACT:

Eleven dynamic fronto-occipital impact tests on helmet-protected cadavers were conducted with a de-
celeration trolley to which a quasi-rigid wall was installed. Effective head impact velocity lay between
32 and 45 km/h. The maximur: deceleration cf the head was on average 136 g in x-direction and 105 g in
z-direction. The deceleration of the vertebral column reached values of 146 g for the lst thoracic
vertebra and 77 g for the 12th thoracic vertebra (average value of the maxima).
Examination of the vertebral column showed 6 cases of severe compression fractures of the upper and
middle thcracic part; signs of strain and flexion could be detected in the form of minor injuries in
all cases. Discreet skull injuries were detected in only two cases. Injury to the brain could not be
found but cannot be excluded in view of the test object.
Ail the full-faced safety helmets used were of the same type and manufacture. The polycarbonate ocuter
shell did not break in any of the tests. The polystyrol inner liner showed plastic compressions of a
{ maximum of 30 % of the thickness of the damping liner at contact point.

INTRODUCTION

The head as one of the most critically-exposed parts of the human body in accidents,
however they may occur, can be protected by a safety-helmet. In order to reduce impact
severity and the resulting injuries to the head with brain and to the spine with spinal
cord as head support and force transducing system, the helmet must be adjusted in
accordance with technic-biomechanical criteria.

These criteria must on the one hand take account of the probability of certain types
of accident (outer construction design recommendations) and, on the other hand, the

possible injury patterns to be expected (inner constructiun design recommendationc)

in order to reduce the injury level.

At the Institute of Forensic Medicine of the University of Heidelberg, research into

L this question has been commenced on the basis of analysis of traffic accidents invol-
ving two-wheeled vehicles. After studying more than 350 accidents and closely analysing
helmet damage and injury patterns related to the "accident input", we planned to carry
out biomechanical tests with PMTOs (Post Mortem Test Object) on the Institute's own
Impact Test Facility,

The opportunity of carrying out this work showed that the assumption is correct that

the interaction of the helmet-head-vertebral column system cannot in fact be easily
deduced from analysis of traffic accidents involving motorcyclists. There are diffi-
culties in quantifying the mechanical accident interferences with sufficient precision,
e.g. the acting forces, the occurring deceleration and the reconstruction of effective
directions. Statistical investigations of accidents involviag two-wheel vehicles carried
out so far have rarely given a systematic analysis of the effects of the accident on the
helmet (FELDKAMP et al. 1977, LANGWIEDER, 1977, HURT et al. 1981, SCHUELER et al. 1982,
OTTE and SUREN, 1979).

Biomechanical investigations under standardized ce.ditions are therefore necessary in
order to determine the effect of different helmet design parameters on the risk of
injury and also to develop injury criteria for helmet standards.

[t is quite evident that safety helmet standards and test regulations have so far only
rarely been based on injury patterns and biomechanical tolerance limits.

So the ultimate aim of the HD Project ~ to extend over a period of three years until the
end of 83 - can be defined by the following three points:

j 1. the description of injury mechanisms on helmet-protected men,
2. the development of adequate, adapted satety helmet structures
} in both design and material,

3. cooperation on the development of safety helmet standards,
base data and test requlations.

-
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Point 1 implies the construction of adequate safety helmet impact test dummies.

Previous experimental investigations, using either cadaver heads protected by a helmet
or complete corpses, have generally been in the form of impact or drop tests and have
tended either to neglect the reactions toc the vertebral column or have solely con-
centrated on the vertebral column. In the course of these experiments the reactior of
the helmet itself has not been the subject of detailed analysis. ALDMAN (1976) examined
the influence of varicus helmet-shell materials on isolated dummy heads with respect

to the kinematics of the head, in particular angular acceleration.

There is a lack of experimental investigations which closely correspond to the real
situations and use post mortal test objects in which the helmet, head and vertebral
column have been subject to intersive technical and medical examination under defined
loading impact conditions.

As a first configuration of the test series we chose a frontc-occipitail impact situation
which had been frequently found in real accident situations.

EXPERIMENTAL SET UP

The PMTO0s or cummies were placed on the deceleration trolley by means of an appropriate
support device.

A polystyrole support bloc was made to maintain the PMTO in position while a support

for the back, pelvis and the feet was used to hold the PMTO during the acceleration
phase ¢f approximately 1,5 g (fig. 1).

P .
-
-

B

Fig. 1

Experimental set up

Following deceleration of the trolley by means of a braking metal sheet, the PMTO0 slid
and then hit against a quasi-rigid wall. The acceleration necessary for the desired
impact-and trolley-velocity was attained by hauling up a dropping weight of 13 tonnes
which was connected to the trolley and then fixed at the appropriate distance when
testing preparations had been completea (KALLIERIS, 1974).

The impact wall - 0,8 m wide, 0,9 m high - was fixed to the trolley. The material used
was a 30 mm multiplex panel, reinforced on the side of impact by a 2,5 mm aluminium
sheet and screwed unto a frame of 30 x 50 mm sguare bar steel. In the initial testing
position the distance between the head and the impact wall was about 1,2 m.

A mosaic screen of 1 x 1,5 m, fixed unto the trolley, was used to facilitate the
asscssment of the high-speed films.

The transmitter was placed as close to the test object as possible. Its inout was
provided by the transducers'cables; its output by 2 trailing cable leading to the
permanent contrnl room.

Full-faced safety helmets of %he same model and manufacturer were used in al! tests.
The material of the helmets used corresponded in construction and technology to the
latest technical (although nut biomechanical) developments. The outer shell was of
polycarbonate, the damping liner of polystyrole. It was found that it was typical

for the manufacture of the helmets that the foaming density of the damping lirer,
determined following the impact test, was different in the various test-runs although
the helmets were in fact fresh from the factory. The specific density was between
about 25 and 50 mg/ccm.
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TEST OBJECTS

Fresh, not embalmed or otherwise preserved human cadavers were used as PMTOs. The
post mortal period was between 19 and 105 hours with an average of 62 hours. The stages
of rigor mortis accordingly varied from an advanced stage to starting decline.

PMTOs in an advanced stage of rigor mortis had to be adjusted into the necessary
position by gentle bending of the extremities.

There were no signs of decomposition in the sense of macroscopically visibie putre-
faction of tissue, especially in the region of the head, vertebral column and thorax,
areas of special interest.

In the 11 dynamic tests performed so far the age ranges reacked from 15-41 years, with
an average of 29 years.

Since the population bracket prone to motorcycle accidents generally tends to be
younger (18-20 years old,, the PMTOs used in these tests correspond more closely to the
real situation than those used in other similar experiments.

Before experimental trauma, the PMTOs had to te free of injury. This was diagnosed by
examination, palpation, x-raying of the head (3-planes), the spinal column (2-planes)
and the thorax. Careful consideration was also taken of case history.

INSTRUMENTATION

The topographical position of the mounted accelerometers and pressure transducers is
illustrated in fiyg. 2. The transducer-mounts, constructed for this test purpose, were
fixec unto the skull bone after thread cutting following a slit-shaped incision and
prepacation of the scalp. The processus spinosus of the 12 th thoracic vertebra was
used to fix the accelerometer base with a 5 cm bone screw. The accelerometer of the
15t vertebra, however, was mounted on a disk fixed by two screws in the vertebral
joints of the 1st thoracic vertebral body.

So far nc simulation of blcod pressure by means of a catheter into the cervical
arteries and puncturing of the side ventricles nhas been performed.

Fig. 2

osition of *he ACCELEROMETERS AND PRESSURE TRANSDUCERS on head and helmet.
z-direction: central parietal bone

.a) Pressure transducer in the parietal epidural space, level with the
tabula interna.

x-direction: immediately above the inion (protuberantia occipitalis externa)
.a) Pressure transducer central occipital bone

x-direction: lst thoracic vertebra (T 1)

x-direction:12th thoracic vertebra (T 12)

z-direction: top of the helmet

x-direction: posterior margin of helmet

x-direction: both lateral sides of helmet
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DUMMY

A TNC 10-type dummy was used for preliminary tests to check the experimental set-up

and testing techniques and to carry out specific helmet examinations. Although this
dummy was specifically designed for safety-belt testing, it proved suprisingly useful
in these tests. A dummy of the whole body to meet the specific requirements of simu-
lating motorcycle accidents and head-impacts has not yet been designed.

Another motorcycle dummy at presert in use is a combination of elements from Hybrid II
and Hybrid III and does not provide a satisfactory solution. The effectiveness of
existing dummies must be re-examined so that they can be designed and adjusted in
accordance with the requirements found in the cadaver tests.

TESTING TECHNIQUE

The transmission of test data from the moving test object via the moving test trolley
to the permanent control room is conducted by an IRIG standard telemetry plant.

Piezoresistive accelerometers (ENDEVCO) - types 2264/2000 or 7264/2000 - are fixed to
the test object, the helmet, the impact point to the rear of the impact wall and the
trolley. Along with the 603 B Kistler quartz crystal pressure transducer - or, alter-
natively, the ENDEVCO pressure transducer type 8510-100, they are first connected to
the telemetry transmitter or a corresponding charge amplifier, Since the test object
is in considerable motion before reaching its impact position an individual cable
pulley had to be installed. From this point onwards, the amplified and frequency-coded
signals of the accelerometers and pressure transducers, in the form of a frequency-
multiplex signal, are connected to an analogue tape-computer.

In order to evaluate acceleration-time-history, the multiplex signal, stored on
magnetic tape after demodulation, is printed by a UV printer or displayed and photo-
graphed by a memory-display oscillograph. When a sufficient number of these tests has
been conducted, the digitalisation of this test data is to be carried out in October
1982. Following this, it will be possible to adequately assess and evaluate the head-
impact data.

Velocity measurement

The velocity of the test trolley is measured by a reflection-light-barrier-trigger-
counting mechanism immediately before deceleration in the phase between acceleration
and deceleration.

As this velocity does not precisely correspond to the actual impact velocity of the
test object on the impact wall - it is in fact too low (rebound of the trolley!) - the
slipping velocity of the test object immediately before impact is also measured. This
is carried out as follows: another light barrier is interrupted. The so-called impact
switch is short-circuited at the moment of impact. This impact switch consists of 2
parallel electrically-isolated aluminium foils which come into contact at the moment
of impact.

MEDICAL EVALUATIONS

x-ray-examinations

After the test, every PMTO is x-rayed in the same way as in the pre-test examination,
i.e. the head in 3 planes; the spinal column in 3 parts: cerebral, thoracic and lumbar
part in 2 planes. When the head and brain venous system has been filled with contrast-
medium by catheterisation of the venae jugulares internae, another x-ray examination
of the head is performed in 3 planes (BARZ, MATTERN, 1975).

This diagnostical procedure provides evidence for venal lacerations in the region of the
great dural veins and in particular the representation of ruptures of bridging veins.
Lacerations of the great intracranial veins could also be diagnosed with patho-anatomical
methods. It was however to be considered that even using careful preparatory methods
there might be artefacts in the removal process of the circular-sawed calotte. These
artefacts might not be distinguishable afterwards from traumatic lacerations of the
PMTO0. If the lesions had resulted from the dynamic lcad of the head even before
preparation, they may be distinguished by applying venous contrast media - in this case
the contrast media spills out of the lacerated vessel and forms an unusual opacity
showing the laceration in the x-ray. Similarly arterial lacerations may be ascertained
by filling the internal cerebral arteries with a contrast media.

Autopsy

After the x-ray examination, a forensic pathological autopsy is performed with special
attention to the traumatological findings. Part of this avtopsy ftechnique involves not
only the opening of three body cavities of head, thorax and abdominal cavity but also
an extensive preparation of the skeleton system by opening the body from back and front
and preparation of the subcutaneous fatty tissue and tne muscular system.

Special attention is paid to the examination of the spinal column. According to a special
technique (MATTERN,1977, 1980), the entire spinal column inciuding the occiput is
removed, the muscles are then removed in layers until a bone-ligament-specimen remains
and following deep freezing,sawed in 3 sagittal-parallel planes (fig. 5).
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This makes it possible not only to observe all laceration of muscles in their segmental
allocation but also to detect ruptures or strains of the ligamentous apparatus,
bleedings and splicing of the intervertebral disks, subluxations, luxations, bleedings
of the vertebral joints, contusion or bleeding of the spinal medulla and the spinal
canal and fractures of vertebral bodies, processus and vertebral arches, even if barely
visible.

Thus a complete recording of the injuries is possible which is not achieved by any

other method, and in particular not by traditioral x-ray techniques. More slight fractures
important for the evaluation and understanding of the kinematic and injury mechanism,

may sometimes only be verified in the x-ray if the slim sagittal-parallel cuts of the
vertebral column, already described, are subject to further x-ray methods (fig. 5 c).

The examination of the brain starts with the inspection of the unfixed fresh specimen.
It is then fixed in formalin to be cut into frontal-parallel slices and re-examined.
The histological examinations refer to the more strained areas, which are known from
the recent experience in brain traumatology.

Scaling of findings

Evaluation of the diagnosed injuries follows the AIS 80 and is based exclusively on
patho-anatomical and x-ray findings. The assessment of multiple injuries follows the
MAIS.

In the evaluation of findings of the spinal column, which is more complex than what is
quoted in the dictionary of the 1980 Revision of the AIS, a grading was developed and
used following the basic system of the AIS-evaluation (MATTERN, 1980).

TEST DATA

TEST No. 1 2 3 4 S 6 7 8 9 10 B AgﬂGE
[

TROLLEY velocity (km/h) 36 38 36 37 38 38 38,5 31 33 34 34 -

TROLLEY deceleration 19 16 = 19 18 = 18 17 1 20 19 -

{-9)

IMPACT-WALL acceleration 90/94 111/107 - 116/113}115/%4 - 127/94 123/73 106/84 | 114/77 |134/81 =

{+/-9)

HEAD velocity (km/h) (43) (45) 43) 44 45 43 4 32 34 38 38 -

HEAD (-/+g) x-direc. 143/44 122/76 =) 127/46 119/23 S 155/4¢ 141/50 [145/26 - 134/24 136

deceleration z-direc, - 106/35 - 117/41 116/15 = - 97/135 86/20 104/23 106/ 26 105

Deceleration T, z = 140/112 =] 126/79 121/79 S 152/80 117/99 - 186,135[181/169 146

on VERTEBRAL-

BODIES (-/+q) T12, 2 = 82/86 - €5/35 67/32 - 91/55 57/44 L 103/34 | 72/41 )

Decelerations Maximal values of the HELMET deceleration

on HELMET between 550 and 700 g

Size of HELMET 5,55/56 |xs,53/54|xS,53/54]s,55/56 | L,59/60|S,55/56{5,55/56 {5,55/565,55/56 { L,59,/v0}s,55/56 =

Dunsity of DAMPING-LINER 27 51 50 50 27 8 8 29 29 28 8 -

(mg/ccm)

Plastic Compression of 5/19,13 6/23,1 6,5/24,5{7,5/27,7|7/26,9 {8,7/37 |8,5/29,3 ;7,5/259|7,4/25,5] 7,4/25,5/6.8/23,5 -

DAMPING-LINER (mm)/ %

Tab, 1
Measurement Data

3 a) head in x-direction 3 b) head in z-dircction
e 3| 134 o a [4]
i i T . ! ‘/\ Ty e
: : | / —~
\ A A ‘h,a;——-- ! L{.105
| WV y ' e s e i -t [hs]
- 11_ 1_; S S S Bas e [1?;_] t _‘ i

Fig. 3
Typical acceieration-time-history (Test ho.ll)
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TEST No. 1 2 3 4 5 6 7 8 9 10 11
PMTO dates
Age/sex (years/m,f) 24/m 15/m 33/m 25/m 25/f 27/m 41/m 37/m 32/m 34/m 28/m
weight/length (kg/cm) 81/170 j46/170 59/174 |67/178 75/178 |65/178 75/172 167/170 | 74/178| 94/193 | 55/170
MAIS 3 2 3 3] 4 S) 5 S 3 5 5
Regional AIS
EXTERNAL 1 1 2 1 1 1 1 1 1 1 ]
AEAD 3 ¢} 3 e} o 2 4 [¢) [¢] o) 0
visceral cranium 2 2 2
neurocranium 3 3
brain 4
NECK o [e] 0 o c (e} o o o (e} o
THORAX 0 o o o o 4 4 1 o 4 2
AIS/Amount of fractures 4/17 4/27 1/2 [e] 4/13 2/5
Organs
Abdomen o o o 0 o o o o (e} o o
SPINAL COLUMN 1 1 3 3 4 5 5 S 3 5 5
Skelet 3 3 4 3 3 3 3 3 3
Ligaments/disks 1 1 2 2 3 3) 3 3 3 3 3
spinal cord [] 5 E) 5 B 5
EXTREMITIES o o o [e] o o 2 o (e} o] o]
Tab. 2
Medical Oata

MEDICAL FINOINGS

In the 11 dynamic impact tests the frequencies of the injury levels according to MAIS
and regionai AIS were as follows:

MAIS Regional AIS
Injury-level Head Thorax Spine External

0 0o L7 6 0 1
""" R R T  T [ Ut A S (N Ty

2 0 1 1y 0 1
I U N SR GRS SRR DO IO O

4 1 1 2 1 0

5 5 0 0 5 0

0 11 4 5 11 10

> 3 6 1 2 6 0

Tab., 3

Frequencies of the injury levels 1-5 according to MAIS and
Regional AIS.

The list of the individual injuries assessed according to AIS can be found in tab. 3.
No PMTO remained unscathed. In six cases the degree of injury had reached the level of
fatal injury (AIS>3). With one exception the sole or partial reason fur the overall
injury level was traumatisation of the spine.

Oehiscences of the dorsum of the nose and the middle of the forehead provided recurrent
findingsof head injury. In three cases these were combined with fractures of the nasal
bone (open naial bone fracture = AIS 2).

when the side of the he'met was adjusted at the upper visor, the2se injuries could ke
reduced and finally completely eradicated in test 11.

Fractures of the neurccranium were found in two cases only: in both cases these were
merely discreet, minor fractures of the fossa cranii anterior, less than 1 mm thick in
the areas of the affected st-uctures. (V 1: planum ethmoidale; V 3: planum sphencideum).

In the AIS scaling of injuries thece injuries as fractures cof the skull base are in fact
to be attributed grade AIS 3 since such fractures are qualified as serious damage to
health due to the direct danger of the formation of a fluid fistula or ascending
infection.

It should nevertheless be pointed out that these fractures are rarely detectable by
clinical x-ray. Despite knowledge of the injuries, in the x-rays of the PMI0s the
fractures could not be detected in the main axes in a second examin.tion following the
autopsy.

T T s




Fig. 4

Localisation of vertebral injuries.
11 helmet-protected head impact
tests.

||
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Amount jof injury findings
vl {alalsle]r]s] .

Muscle/Ligament/Disk injury

------- Fracture of vertebra
....... Contusion of spinal cord

The absence of patho-anatomically detectable cerebral lesions on the PMTQ in these
dynamic tests was surprising. Precisely in the case of PMTI(s,however, this must be inter-
preted with some caution: in view of the amplitude and duration of the decelerations
measured on tne head, it can by no means be ruled out that considerable malfunctioning
of the central nervous system - at least concussion, probably combined with contusion,
intracerebral bleeding and cerebral oedema - would also have been observed at the same
loading level in the case of a living being. Since these conditions are linked to
circulation and the metabolism, it is difficult to simulate them on a PMTO (NAHUM 1976,
FAYON, 1976, WARD 1980).

Rupture of the right anterior bridging vein (vena cerebri anterior superior), along
with longitudinil ruptures of the anterior falx cerebri, was ascectained in one case
only (V 7).

Spinal injuries, indicative of the overall degree of injury, appeared in the form of
usually extreme comminuted fractures of the vertebra with compression of the spinal
cord in the upper and central thoracic part of the spine.

Fig. ¢ gives an outline of the localisation of segmental injuries in the essential
injury findings. Tab. 4 gives an analysis of the frequencies of multisegmental injuries
affected in each case. In connection with this table it should be emphasised that the
boay injuries and the lesions of the ligamentous apparatus usually affected more than
one segment, e.g. in two cases (V 8, V 9) injury to the ligaments occurred in 10 seg-
ments. In one case (V 7) the spinal medulla was compressed over 5 thoracic segments.

o
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Amount of injured segments
Injured structure 01 2 3 4 5 6 7 8 9 10
Ligaments 1 2 1211 1 1 1 2
Disks 2 1 12 13 17111
Vertebral bodies 2 4 13 |2
V;;tebral processusf|2 |1 |2 |3 |2 1
Spinal cord 5 341 1 11
Destabilisation 4141241

Tabl. 4
Analysis of the injury pattern: Frequency of multisegmental spine injuries

Six cases showed uni- or multisegmental destabilisations and dislocations along with a
number of spinal fractures. Most of these fractures of the thoracic vertebral column
were in the form of extensive compression fractures with edge snapping towards the
spinal channel, combined with sericus damage to the neighbouring intravertebral disks
and fractures of the accessory archs and joints. Fig. 5 shows a typical example of this
combination of extensive injury to the central area of the thoracic spinal column,

Compared to the thoracic vertebral column, injuries detected in the cervical spine were
of secondary importance. No morphological lesion of the cervical medulla could be
detected and there were no signs of dislocation or destabilisation of the intervertebral
motor segments.

The vertebra fractures detected - e.g. segment C 1 in V 5 - were in the form of a non-
dislocated fracture of the anterior arch of the atlas. Fractures to vertebra C 4-C 7
were in the form of minor fractures of the lower edges of the vertebral body. The width
of the vertebral body was not compressed and there were no further fractures of verte-
bral processes.

Injuries to the vertebral disks and ligamentous apparatus were roughly as frequent as
those in the thoracic spinal column. However these various findings were generally not
particularly extensive. Examples found were minor bleeding and cracking but there was
no total coilapse of the vertebral disks. Oneexception was the anterior 10ngitudinal
ligament, broken in 4 cases, mostly in several neck segments.

Injuries to the thoracic skeleton had occured in five cases. Three of these were
multiple rib fractures which had led to a destabilisation of the thorax (AIS 4). With
27 rib fractures, V 7 showed the most extensive thorax traumatisation. Rib fractures,
when they occurred, were always paravertebral, in close vicinity to the vertebral
segments, also seriously damaged. In addition however there were further fractures of
the same and other ribs in the axillary line. The paravertebral fractures frequently
took the form of torsion fractures.

It is to be assumed that the high number of rib fractures in V 7 was due to the age of
this particular PMTO. At 41 it was the oldest of all the PMTOs tested. This case also
showed the highest number of vertebral fractures: 4. No injury to the organs in the
thoracic area could be detected in any test case.

PATHOMECHANICS of the spine injuries

It can be concluded from the intersegmental cembination of injuries to the affected
anatomic spinal structures that the cervical spine was subjected to a retroflective
load and the thoracic vertebral column to a high hyperflective load in the sense of
hyperkyphosis.

We can draw this conclusion, confirmed by kinematic analysis of the high-speed
kinematography, on the basis of the fact that on the cervical spine the structures
lying in a ventral position to the flexion axis failed by fracture as a result of
stress-1nading. On the other hand, on the thoracic spinal column the dorsal ligamentous
structures showed signs of stress-loading and the ventral bony structures showed signs
of pressure-loading.

The localisation of the most serious injuries is given by the double-S-shape of the
spine. The distribution of lesserinjuries on the cervical spine and by far the most
serious injurics on the theracic vertebral column, must be explained by the ageometrical
position of the main axes of impact vis-d-vis the vertices of the physiological
curvatures. When the PMTO is in starting position in the stretched position of the neck,
this direction of impact varies only slightly from the z-axis of the cervical spine.

On the thoracic vertebral column, however, a by far greater bending impact point is
estahliched due to the unequal distance between the impact axis and the vertex of the
spinal column. This leads to an asymmetrical loading of the vertebral body which means
tha*t it is rot hit in the direction of maximum load capacity.




" R T N e

Fig. 5
TYPICAL SPINE INJURY PATTERN, prepared according to the saw-cutting technique.

a) View of the central cut and both lateral cuts,
injuries concentrated on 2nd thoracic segment.

c¢) Contact x-ray of the left
central cut (see b).

b) Detail of left central cut: serious comminuted
fractures of the 2nd thoracic vertebral body.
Fracture of the lower edge of the 3rd thoracic
vertebral body. Fracture of the upper surface
of the 4th thoracic vertebral body. Excessive
compression of the spinal cord. (3 segments)
Dislocation of fractured pieces of the bone
in the vertebral channel.

If we compare the decelerations measured on the spine and the head in z-direction, we
can see that no appreciaole contributior has been made towards energy reduction by the
cervical spine interposed between the testing points, head and 1st thoracic vertebra.
The thoracic spinal column, on the other hand, reduces the middle level of decelerations
measured at T 1 up to test point T 12 by approximately a half.

With regard to the anatomical structures,this damping ability of the spine in the
physiological area is essentially due to two factors: the material damping of the
vertebral disks and the shape - adjusting damping of hyperkyphosis, affected in
addition by the bony thorax.

In these injury-inducing loading tests the vertebra and ribs also contribute towards
material damping when the bony structures fail by fracture.

For anatomical reasons - the horizontal arrangement of the side joints - the damping
of the vertebral disks in the cervical spine is almost without effect since the side
joints come to rest very quickly, passing on the impact force via bony structures with

Yow compressive power. The loading level in the cpinal column of the neck wac obviouely

too low to permit failure of these bony structures.

When we concider that under axial compressic: loading of isolated cervical vertebrae the
ultimate fracture loads are generally less than those found in the thoracic vertebral
column, the apparently rererce ohservation in these tests can only he exnlained hy the
loading direction which coincides with the direction of the highest, i.e. axial,

loading capacity on the cervical spine but which on the thoracic vertebral column has

primarily a bending impact due to the considerable distance from the main loadiny axes.
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DISCUSSION

The aim of this study was to simulate traffic accidents close to reality. In this first
series we therefore chose an effective impact speed between 32 km/h and 45 km/h and a
fronto-occipital impact configuration. However in our accident investigations the injury
patterns of apparently comparable types of accident were in fact seldom found. To ex-
plain this finding, it seems that we must take into consideration the fact that the

total accident input energy was absorbed by one single impact of the body through the
helmet-protected head. A distribution of the accident energy is rather given by different
accident phases, in particular by considerable throwing ranges of the motorcyclist. On
the other hand, the tests were conducted in such a way that as a result of the body be-
ing held in position by a support bloc, force inductior was established. This was
essentially axial and passed over the head into the spine. Of particular note in the
injury pattern was the high level of traumatisation of the thoracic vertebral colunn.
The skull and the upper cervical spine hereby remained either unscathed or with little
injury. No ring-fractures on the base of the skull were detected although it can be
assumed that impact intensity was sufficiently high to have produced such fractures.

We are of the opinion that in view of the test facts given there are two possible
explanations for the absenc: of these fractures:

a) impact absorption caused by dissipation of energy oy the helmet,

b) failure of the thoracic vertebral column and the eunergy absorption
caused thereby.

It appears necessary tc carry out a reference test with £ TOSwithout helmet protection.
This has so far not been possible. As a result of this Lest we expect to find serious
impression fractures and/or skull-base ring fractures. The effect of these injuries on
the bony part of the head also damps the head impact input. This damping effect is
equal to, or even greater than that of the helmet. Although a safety helmet is able

to protect skull and brain, the transduced impact input by the helmet-protected head
seems to aggravate the injury level of the thoracic spine. This is a theoretical point
for discussion.

The given impact velocity change 4 v between 32 km/h and 45 km/h produced maximum
decelerations on the head in x-direction of an average value of 136 g and in z-direction
of an average value of 105 g. As the amplifiers of the helmet accelerometers run into
limitation we have had to reconstruct the peak-values. The reconstructed values of

the outer she'l of helmet was found to be between 550 g and 700 g.

The accelerometers on the vertebral column for the first thoracic vertebra T 1 gave

peak-values similar to those measured on the head in x-direction: the average peak-

value was 146 g. The result of measuring on the lower spine T 12 finaly gave an average .
peak level of 77 g. The interpretation of the relationship of the upper and lower spine

g-values is given under point "PATHOMECHANICS". The measurement of the epidural intra-

cranial brain-pressure was undertaken with different pressure-transducers, but so far

the results are not sure enough to be published. Further tests are required.

Whereas the outer polycarbonate shell showed no breakages or relevant plastic defor-
mations in any test case, the inner polystyrol damping liner was plastically compressed
at the region of impact between 19,53 and 30,0 % (average of liner width: 25 mm) and
broke at this point.

The whole compression on the damping liner (both plastic and elastic deformation) was
observed at a level of between 50 and 60 %. This value appears to be too low, related

to the effective impact velocity and the acceleration-time-history of head acceleration.
We are convinced that the material so far used for safety helmet liners must bc replaced
by a damping or energy-absorbing material which could work much more effectively, when
adjusted to the technic-mechanical properties 2f head and brain. By further investigation
of injury patterns and mechanisms under helmet protection, we must in our work therefore
draw more concliusions concerning not only the outer construction design recommendations
(accident "input") but also the inner construction design recommendations (technic-
mechanical) properties of the head-brain and neck system) of a safety-helmet. Furthermore
we want to verify whether the Heidelberg SAFETY HELMET PROTECTION CRITERION

HIC(_SH) s HIC(,SH)

(wherebyHIC (+/-SH) means the Head Injury Criterion number with/without safety-helmet)} is
adequate as a piomechanical neimet eftectivity value.
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DISCUSSION
DR. GENNARELLI] (USA)

Please diseuss the validity of the biomeehanies of your neek-torso anguiation upon impaet. Are you eonsider-
ing different angulations of the neck-torso to get more cervical injuries whieh would be expeeted?

AYTHOR'S REPLY

The introdueed foree is mestly parallel to the axis whereas the curvature of the thoracic spine leads to bending
forces and these bending forces lead to the failure and/or fraetures of this region.

DR. GENNARELLI (USA)

From a elinical point of view, fractures in the middle of the thoraeie spine are very unusual for vertex or
forehead impacts compared to the frequeney of fractures in the cervieal spine.

AUTHOR'S REPLY

Do you relate your words to helmeted heads? I feel thet the helmet impact is even less likely to cause injury
in the thoracic spine.

UNIDENTIFIED QUESTIONER

In our studies of a similar nature, 1 can only think of two reported injuries (fractures) to the thoraeic spine;
on the whole we're not seeing injuries of that type so low down the spine.

DR. SANCES (USA)

It appeared in your high speed movie that the body was allowed to follow-up while the head was essentinlly
pocketed and this allowed the thorncie column to buekle. Could this aceount for your injuries?

AUTHOR'S REPLY

Yes. 1n our opinion the buckling of the thoracic vertebral column seems to be the main injury mechanism tor the
multi-segmental fractures of the vertebral bodies,

DR. SANCES (USA)

Do you think the hend was allowed to slide off beeause of the helmet, and so that would reduee the pre sure on
the eervieal spine?

AUTHOR'S REPLY

We hnve to say that the helm~t wns very well fitted and so far the high speed movie didn't show relative
movement of helmet to hend.

DR. VON GIERKE (USA) COMMENT

But ecrtainly n slight ehnnge in the necek eurvaturce would ehange the results considerably, and it looks to
me that n live subject might be more inclined to bend the head and try to look forward; thus, you wouid have a
considerable higher load on the cervieal spine.
FRISCH (USA) COMMENT

I noticed that you hud a full helmet and from the film it appeared that the hehinet pushed agaiust the shoulder
arca. Did you, in fact, cxliibit or see any damage to the shoulder arca?

AUTHOR'S REPLY
No. In general, we did not see nny damage to the shoulder area.
NEWMAN (CA)

Forgive me if I didn't quite eateh what you said, but what was the nature and extent of brain injury sustained
in that partieular test?

AUTHOR'S REPLY

We didn't see injury to the brain, but in the case of PMTQ’s, however, it can by no means be ruled out that con-
cussion, probably combined with contusion, intra celebral bleeding and oedema would also have been observed at
the same loading level of a living being. Since these conditions are linked to circulation and metabolism, it s difficult
to simulate them on a PMTO.
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DR. VON GIERKE (USA)

Did you in any way fix or ecnforce the neck?

AUTHOR'S REPLY

No; however, we held the head into position until the moment of impact against the wall, the hcad was then free
of cvery supporting system.

DR. VON GIERKE (USA)

And you did not try different neck positions?
AUTHOR'S REPLY

No, but we did try to position the head so that cach impact was rcproducible.
DR. VON GIERKE (USA)

1 assume this (head position) will be the main difference to the cause of the injuries, the slight differences
of the head alignment with respeet to the thoracie spine.
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Impact performance criteria employed in the evaluation of
protective headgear often consider the temporal characteristics
of the translational acceleration induced in the helmeted head-
form Quring impact. These implicit criteria may appear as li-
mits on the time during which the test headform acceleration is
allowed to exceed certain values, or may be inherent in the pass/
fail criterion itself.

The present study examines the significance of time as a para-
meter in the prediction of head injury likelihood or severity.
It is shown that since the temporal characteristics of the accelera-
tion waveforn is simply a reflection of the mechanical characteris-
tics of the headform/helmet assembly it bears only a trivial rela-
tion to the imput forcing function and thus is generally uncor-
relatable to head injury severity.

It is concluded therefore that upper limits on translational
acceleration alone, though not without certain restrictions, con-
stitutes a sufficient criteria for evaluating helmet performance.
The use of a time parameter is shown to be unsupportable and can

lead to unnecessarily complex criteria and inferior helmet per-
formance.

INTRODUCTION

It has long been regarded that the temporal characteristics of the translational ac-
celeration imparted to a head (helmeted or otherwise) is related to the nature and
severity of the accompanying head injury. That is, if a head undergoes an acceleration,
the resulting head injury is somehow related to the manner by which this acceleration
varies in time. The literature abounds with examples wherein reference is made to how
head injury depends upon things such as the time duration of the acceleration pulse, rate
of onset of acceleration, etc. (l1-4)*, Though less extensively studied, similar relation-
ships have been proposed in a rotational acceleration field (5, 6). These latter con-
siderations shall not be dwelt upon here. Ilowever, the thrust of the following remarks
are generally applicable to both types of motion.

Notwithstanding the title of this symposium, it is the author's contention that im=-
pact injuries to the head are not caused by acceleration. Rather, impact injury and the
accompanying acceleration of the head are both responses to a particular input or forcing
function. fThig may appear to be a rather mundane point. However, it is very significant
when attempting to quantify any relationship between injury and acceleration. Whatever
a(t) is produced in a head impact, it is merely a kinematic response. A response that is
dictated by the mechanical characteristics of the head/helmet and of the impact object
and by all the other external motion limiting constraints.

Brain injury is due to the disturbance or disruption of the central nervous system
caused by local deformation induced by physical stresses (7). Stress waves in the brain
may be induced by skull deformation and/or by skull acceleration. In the absence of sig-
nificant skull deformation, brain stresses are induced solely by inertial effects. These
can be characterized by the acceleration of the skull (assumed to be rigid). Given the
same set of motion limiting constraints, it is generally to be expected that in the latter

case, higher levels of head injury will be associated with higher levels of acceleration
which reflect higher imposed forces.

Given different motion limiting features, such as those that may be associated with
direct blows to different parts »f the head,** the same head injury level may well be
associated with entirely different levels of acceleration. Since a(t) merely provides a
measure of the change in velocity of the head associated with the impact, it cannot, by
itself, provide any information about the magnitude of the impact phenomenon (i.e., the
induced stresses)., For example, a firearms projectile or a blunt impact to the top of

* Numbers in parantheses designate references at end of paper.
t* Thereby changing the motion-limiting effects of the neck.

I
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the head will both produce head injuries. In neither case will the head be caused to
accelerate substantially. The injury mechanism in these situations is not related to
inertial loading but rather to stresses induced by deformation (and in the extreme;
permanent physical disruption) of tissue.

Hence, one might expect to be able to correlate head injury to acceleration only
when -

1. The stress (and hence injury)-inducing mechanism is dominantly of an inertial
characteristic.

2. Skull deformation is small, and
3. Head motion limiting features are controlled.

If all of these conditions are fulfilled (and in many cases of helmeted or other
padded impacts to the front, rear or side of the head, they are approximated), there
remains only the question as to the relative significance of the head (or test headform)
acceleration waveform shape (i.e., a(t)).

TEST METHODS

The usual approach to evaluating the impact protection afforded by a helmet is as
follows: The helmet to ke assessed is placed upon a headform of specific physical and
geometric properties. The entire headform and the supporting assembly has some fixed
mass. The helmeted headform is allowed to fall in guided free-fall from some pre-
determined height onto some pre-determined surface. These kinds of controls should pro-
vide the necessary basis for measuring the relative performance of different helmet sys-
tems. Without such controls, the observation of a kinematic parameter alone (i.e.,
a(t)) would be insufficient to judge the helmet's performance. However, even the me-
chanical characteristics of the headform support assembly will affect the shape of the
a(t) curve and different support structures can produce substantially different res-
ponses for identical impact circumstances (8). Since one cannot eliminate entirely the
effects of the support structure, one has at best a tool to measure relative helmet
performance only.

Similar points are relevant in, for example, the testing of automotive dashboards (19)
Again the mechanical structure of che test device is fixed, as are the kinematic charac-
teristics of the impact. The resulting a(t) for different dashboards will provide a re-
lative measure of impact performance. If the mechanical characteristics of the test
equipment are changed, then the apparent performance of the dashboard will change.

In any case, the observed a(t) is no more than an expression of the rate of which
head velocity is changing during impact. The principal issue here then is; for a given
total velocity change, within a given time interval, does it matter precisely how that
velocity change is achieved in terms of the expected head injury (or the inferred pro-
tective capacity of the system). That is, should the shape of the acceleration time
curve be incorporated into the failure criterion for the system and if so, how?
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Figure l: Triangular Acceleration Pulses

A simple illustrative example of these considerations is shown in Figure 1. Each of
these hypothetical a(t)'s corresponds to the same velocity change. Each has the same
maximum acceleration, same average acceleration a and the same pulse duration T. Most
head injury criteria would regard these pulses to be of egqual severity. However, as first
discussed by Brinn and Staffield (9), "Conventional impact analysis would demonstrate that
they would cach have a different effect on typical spring-mass systems" ... and thus
similar effects on the human head. The fallacy of their approach is in the assumption
that these acceleration pulses are 1nputs to the system rather than responses by it.

Their system is assumed to be defnrmable and their measure of severity is the amount of
deformation. Hence the conclusions are not applicable to inertial loading.

Before proceeding further with these kinds of considerations, a brief review of head
injury criteria is appropriate.

"1

L :




e

FAILURE CRITERIA

Most head injury models have an implicit if not explicit functional dependence on
time (9-15). Included among these models are the Wayne State Tolerance Curve - WST (i0)
and the JARI Head Injury Tolerance Curve - JHTC (11). Others include the lumped-
parameter models of Brinn and Staffield (9), Slattenscheck, et al (12), Fan (13) and the
Maximum Strain Criteria - MSC of Stalnaker, et al (14). The most recent head injury
model is the finite element brain model of Ward and Co-workers (15). Excellent reviews
of these various models have been published elsewhere and need not be repeated here
(15, 16).

Time t may occur in the failure criteria of these models usually in one of three ways:

1. Given a certain average acceleration during the impact pulse, the total time duration
of the pulse may not exceed some value. The forebearer of most head injury models,
the Wayne State Tolerance Curve {10) was initially intended to provide such a depen-
dence b.sed on this criteria. The recent work of Ono, et al (11), has provided
similar correlations between average acceleration and time duration (JHTC). Such
correlations have no explicit dependence on acceleration waveform shape. It can be
inferred from such curves only that the total time during which the head accelerates
is a factor in the resulting head injury. However, average acceleration vs time
duration criteria have never been formally invoked. 1In fact, such curves provide no
more than a limiting change in velocity that the head may undergo during a certain
time interval. Within the range of 1 to 10 msec however, this velocity change is not
greatly sensitive to time duration. Figure 2 illustrates the WST, the JHTC and a line
of constant velocity change equal to approximately 5.5 m/sec. In light of the de-
gree of experimental scatter associated with the WST and the JHTC, time duration de-
pendence is not clear from these curves.
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Figure 2: Comparison of the WST, the JHTC
and a Fixed Change of Velocity
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b Since most other models are dependent on waveform shape, comparisons between the
WST (and JHTC) and the predictions of these models can only be made for specific
assumed a(t)'s. Such a comparison for several different head injury models for a
triangular acceleration waveform shape is provided later on.

2. Given a certain a(t), the time during which 'a' exceeds a limiting value may not be
exceeded. Examples of this are MVSS 201 and 218 (17, 18). The respective criteria
are:

a) MVSS 201: The deceleration of the test headform shall not exceed 80g continu=-
ously for more than 3 milliseconds.

b) MVSS 218:

i) Peak acceleration shall not exceed 400g.

ij) Acceleration in excess of 200g shall not exceed a cumulative duration of
2.0 milliseconds, and,

iii) Acceleration in excess of 150g shall not exceed a cumulative duration of
4.0 milliseconds.

In the case of MVSS 201, the specification is intended to restrict the bulk of the
deceleration below 80g while allowing brief excusions above it. The rationale for
the 3ms exemption appears to be in the belief that the head has a much higher toler-
ance to very short acceleration pulses than to long ones {see Figure 2). However,
extracting a portion of a pulse (the part over 80g's) and applying the perceived
rules applicable to pulses of short to%tal duration is questionable.

With respect to MVSS 218, the purpose of the specifications are not absolutely clear.
Limiting peak headform acceleration to 400g's is in effect limiting the peak force
that can be applied through a helmet to approximateiy 4400 1lb. (The test headform
weighs nominally 11 1lbs). The imposition of time-duration limits at the 200 and 150g
level have the effect of "shaping" the acceleration waveform to some presumably de-
sirable shape. Whether or not this is achieved in practice is debatable for it is
certainly possibie to "tailor" the headform response to meet the standard without
necessarily providing a better helmet.*
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Figure 3: Helmeted Headform Response:
a) MVSS 218 Time Duration Failure
b) MVSS 218 Passing Acceleration Trace

Figure 3 illustrates two acceleration waveforms produced in random helmet testing.
Both correspond to the same impact energy. The helmet in 3(a) would fail according
to the above criteria while that of 3(b) would pass. This result can only be accep-
table if the a(t) of 3(a) constitutes a greater head injury threat than that of 3(b).

| * 1t should pe noted that simply limiting headforms acceleration to 80g's in MVSS 201 and
to 150a's in MVSS 218 would obviate the need to invoke time~duration criteria per se.
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The sharply rising peak of 3(b) could be interpreted as a spurious "spike" in the
trace and hence disregarded. It is however an actual response of a helmet under-
going incipient bottoming. Whether or not this necessarily constitutes a more
serious head injury threat is discussed further on.

3. A third form of a(t) and t correlation to head injury severity is that the value of
some functional relationship between the two not be exceeded. Examples of this are
the Gadd Severity Index - GSI (19) and the Head Injury Criteria - HIC (20). These
are expressed as follows:-

GSI = [a(t)z'sdtsl,ooo
5
uIc = (-1——/ attydat) 23 (t.-t.) < 1,000
t,-t 2 1
7t
]

where t1 and t2 are chosen to maximize HIC
The GSI is currently employed as the failure criterion of the NOCSAE standard for
football helmets (21) (though the failure limit has been set at 1500). The HIC is
referenced in MVSS 208 for head injury protection in automotive crash testing (22).

Both the GSI and the HIC heavily weigh the acceleration (by the 2.5 power) and thus
both would result in higher values for the a(t) of Figure 3(b) than for 3(a). The
higher these values, the more likely is it that the failure criterion would be ex-
ceeaed and hence both would appear to identify the waveform shape of Figure 3(b) as
being the greater head injury hazard. However, from a fundamental point of view, it
is not clear that this conclusion is necessarily valid; for the GSI and the HIC
suffer from serious theoretical flaws (23, 24). Some independent assessment of
waveform shape is required.

FINITE ELEMENT BRAIN MODEL

The Ward brain model (15) can be used to simulate the response of the brain to dy-
namic loading. Employing a finite element structural analysis, the model can predict,
for a prescribed skull acceleration, the pressure distribution, stresses and strains
within the cranial cavity. The model must generally accept the approximation that the
skull be rigid. Hence it ic especially suitable for inertial loading or for impacts to
a helmeted he~d. (Skull deformation in the latter case is significant only in cases of
severe overloading of the helmet).

An essentiil postulate of the model, one which has some experimental validation (25),
is that brain injury is directly related to the peak intracranial pressure. Moderate
brain injury has been correlated to a peak pressure of 24 psi, Severe injury occurs if
peak pressure exceeds 35 psi. No suggestion has been made that the time during which che
prescure exceeds these (or any other) values has any bearing on the head injury severity.

For purposes solely of comparing the predicted a vs T of the finite element model to
those of other modeis, Ward has exercised the model for a series of trianqular accelera-
tion pulses each producing the same peak intracranial pressure of 24 psi. These predic-
tions (labhelled Ward MI) along with those of the HIC, SI, WST, JHTC ana the MSC, are
shown in Figure 4., Detailed discussions of the differences in the various predictions
have been provided by Ward (25).

What she has not pointed out however, are the reasons for these differences. They
presumably must lie in the different predictive capabilities of the various models.
Such extraordinary variation in predictions of the same phenomenon, i.e., head injury,
can only be explained by what must be termed inaccuracies in tue models. Given an es-
sentially triangular acceleration pulse, it is simply not possible to determine from
all of these models, a tolerable time duration for a given average acceleration. There-
fore, it seems highly unlikely that one could rely on any head injury criterion which
invokes a functiornal relation between a(t) and t.

Every model does however have one common feature. For any given time duration, head
injury severity or likelihood increases with average or peak acceleration. The "accep-
table" performance of Figure 3(bk) will in fact correspond to substantially higher intra-
cranial pressures than the "failure" of Figure 3(a). Hence in the final analysis, the
only currently meaningfui criterion for translational helmeted head impact injury appears
to be simply that of peak acceleration.
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Figure 4: Tolerance Boundary Predictions of
Various Head Injury Models
CONCLUSIONS
Given the present state-of-kncwledge of head injury mechanisms of head injury models
and of helmet test techniques, it is not possible to assign any special significance to
the details of the manner by which headform tranclational acceleration varies with time.
The safest, most reasonable approach to assessing helmet impact performance is to monitor
the peak headform acceleration and to take whatever steps are necessary to minimize that
acceleration,
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